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IN~TROD~UCT ION

WAST1RAN (Ri&SA STRuctural AI~alysir Program) io the most.

widely used gtner*1. purpose structural analysis program in the

World. This polranm was originally developed in~ the miid-mixties,

and the fir'st versgzon was relmQas*4 in 190S. , Th,1 program

developed was spon ~ored by the N~ational Aerco~iautics and Spa~ce

* Administration (NASA). This development in the form~ of

ehancements and rnaintena,%cs was continued untilL 10)72 as &a ing.t

Government version u~nder tb* sponsorship of N.ISA. Si,,ce then the

* ~Government ve:'sior in being developed an COSMIC-NAST2RA?, t'hile a

commnercial version is being marketed by McNea: and Swendler

Corporation (MSC) &as SC-NASTRAW. Even though the basic

* ~str-ucture of these two ver'sions remains the samne, the'"e are

zlnficant d~ffererncea in capabilities and efficiencies, AT-arkd

1Q80 the MSC introdui-ed a new plate bending alement called the

* Q1JAD4 to ita eleinert libiary. It In one of the mnoot versatile

platc bendingt elements, even though its theoretical basic is

sowetvht contr.;Wtie in The bas~ic strtritth c~f this v.1ement Ir

*thaýi was fv fýcer To oxczluaive numerical testing, and a

TIUMItifl ZDr w -i Iu m u ro m#vd* to con form tht reaul t-ý

$ý~ he QUAIDA*4wn amtn--odii~ a numb~r o~f

*.m-a 1 Y Q 1 1 E H 1 ( NA-

ri _
=e<

- ---------- ,-.-



a. It its un ý'ýps trw~~t-ic formulation.

b It, modv rl• p lane (membrane) behavior more realiatic&lly.

c. The layerud 1f ' ipositeu modeling capability is extenvive.

d. Membrane--bonding coupling can be modeled ?'alixtically.

e. It ir the only plate element with an offset featuro.

f. It is a convenient element for modeling laminate plates.

g. The same element can be used in modeling sandwich plates;

even though it is not as simple to model sandwich plates

with composite fact sheets.

h. A single plate e.ement replaced all other elements.

Until aro-nd i1987, COSMIC-NASTRAN did not havte a similar

(QUAD4) capability. The absence of this capab!lity rpproeuntpd a

,gnificant inconvenien:e. in particulav, for aodlirng layered

ccii,,osites. Betweea, 1983--1986 a QUAD4 el-mert was developed

under the sponsorship of the Air Force (Flight Dyrnamlcu

Laboratory) for use in the program ASTROS (Automated Etructural

OQpt~m,,atior, Lsten). At the v'rne time thi oelement was

incorporated into COSMIC,-NV;T vAN 'The ASTROS--QUAD4 alcmentn in

a'milar to the MSC-QUAD4, but there are significant differences

in the theoretical formulation between the two elementý.

This report prov i#e an infori mal backgro.,nd for modal~rn with

the QUADA ellemant. It coitains over, 1S probloa- to illuntrate

vni ions of thoý .1 0ent Powes•,r, the report Was .rtended

o ? as b#c:kAAr ound mat orI al to be u ea:* in COji J unlc ton Xi th a oin-

day short r T'e 0 ris''. or Mý •• I a fl• a .,

- a



reproduced verbatim from one of the interim reports of the ASTROS

contr&ut.
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3.0 THEORETICAL DEVELOPMENT OF THE QUAD4 ELEMENT
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APPENDIX A

THE OUAD4 ELEMENT

This appendix provides the theoretical development for the QUAD4

element that has been installed into ASTROS. An overview of this element is

given in Subsection 5.3.3, while this appendix provides detailed information

on the element. This detail is necessary because, unlike the other elements,

the ASTROS QUAD4 element has not been documented elsewhere.

A.1 DISPIACEMENT FUNCTIONS

The QUAD4 element %as two distinct element coordinate systems. These

are the 'user defined" element coordinate system as defined by the element

connectivity data and the Ointernal element" coordinate system, which is

defined as having its origin at Go (X°E, YOE, ZOE). This origin is computed

by taking the average of the grid point coordinates. The positive X- and Y-

axes of the internal element coordinate system are defined with the aid of two

points, GxE and GyE described below.

V1 3 and V24 are defined as the unit diagonal vectors as illustrated in

Figure A-I. Thus, the coordinates of points GxE and GyE are given by the

following:

GXE ((XO + X') (YO + Y'), (Z°))
E E E E E

(A-l)
CyE - ((X0 - Y), (YO + X'), (Z°E))

E E E £ E

where, X0E, YOE and ZOE are the coordinates of the origins of the internal

coordinate system and X'E and Y'E are the components of the bisector vector of

the unit diagonals V1 3 and V2 4 .

The coordinates of points Go, GxE and GyE, are used to define the

transformation from the internal element coordinate system to the coordinate

system in which the grid points are defined. The internal element coordinate

system is necessary to correctly handle irregular-shaped and non-planar

elements and is henceforth referred to as the 'element" (E) coordinate system.
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Using 2-D interpolation functions, the geometry field at any point (f,

q) in the element cross-section (see Figure A-2) is defined, where the nodal

curvilinear coordinates are related to the nodal cartesian coordinates system

in the element coordinate system by the following relationship:

4 i
(XE(f,O)) - 1 Ni(fM)MXE)1-1

where i refers to grid point i, and

i
(XE) - (XE, YE, ZE) at node i.

N(Wa)) are the interpolation (shape) functions which define the con-

tribution of each node at a given point with the element.

These functions and their derivatives are:

Ni - 1/4(1 + C{i)(l + ni)

BN
: - 4i1( + rnni) (A-2)

The deformations of the element are also represented with the identi-

cal interpolation functions:

4 i
{UE(C,?) - 1 Ni(C,?){UE) (A-3)i-i

where (UiE) - (UE, VE, WE, eXE, 'YE, OzE)T represents the vector of

displacements at grid point i in the element coordinate system.

A. 2 STRAIN-DISPLACEMENT RZLATIONSHIP

The QUAD4 element incorporates a reduced solid theory for thick

shells. According to this theory, the element has five dof at each grid,

defined in a coordinate system whose X-Y plane is tangent to the aid-surface

of the shell at the given grid point. The z-axis, therefore, is the normal to

mid-surface at that point. In our nomenclature, this is called the 'C" system

(Figure A-2 and A-3).

A generalization of the 'C" system, called 110 system, incorporates

the characteristics of the "C" system at a general point on the mid-surface of

the shell element, normally the integration point (Figure A-2).
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In order to establish a common definition for 'I* and *C" systems,

consider the following steps:

(A) The tangents to aid-surface at a given point (Cn) are:

NVt1 ) .E .- ! yi (A-4)

4 Mij.
(Vt2} , E . X 8NI (A-5)

a7 i-1 a,7 E

where

{ Y} are the coordinates of grid points in 'E" system.

(B) The axes of the new system then follow:

MZ)I/C - {Vn) . 1W) x Vt 2)

I(Vtl) x IVt2)I

{ (Y} E x (Z)I/c (A-6)

J()Ex fZIi 1C

UY)I/c - (I/c x (X)I/c

(C) Finally:

[TIE] - [{X)I(Y)I{Z)I]T (A-7)

[TCE)i - [(X)i(Y)i(Z)i]T (A-8)
c C C

Note that the 'C" mystem is not necessarily invariant when we go

from one grid to the next. This is due to the possible warping

of the element.

Since the ultimate goal of this discussion is to establish a relation-

ship between the element strains (which are defined in the *I" system), and

the nodal displacements (defined in the "E" system), it is necessary to

develop a series of transformations along with the strain-displacement rela-

tionships.
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Consider the five dof's in the 'C' system at each grid point "i" to be

arranged in the following manner (Figure A-3):

(U) - (a) - (A-9)
c Wc c

In order to be compatible with the other dof's in the model, these are

related to the six dof at that grid point, defined in the E" system, by the

relationship:

i i
(U) - [TCEli(U)

c E

(A-10)
) 1 - 01 TCE0(1)

c -100 E

The extra transformation in the rotational case is a result of the

difference in the definition of rotations for "C" and 'E" systems (Figures A-3

and A-4).

The same five dof's are related to six dof's in the "I" system by

using the transformations developed in Equations A-7 and A-8. Considering

Equation A-10 and A-3:

4 T i 4 i
(U)I - [TIE]) Ni[(TCE)i] (U) [TIE] Ni(U)ibc i-Ii UE

-i [TU) (A-11)

and

4 T i 4 T
(flI - [TIE] Ni(TCE)i] (0) - [TIE] EINiI(TCE)i]

(A-12)

[ 1 0 ][TCE]iG ) - 2 Ni[A]i(
k100 E i-1 E

Note that while IT] is invariant, (A] depends on the direction of the normal

to mid-surface at each grid point.
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At a poizt along the Z-axis of 'I" system, at a level of Z - rtl/2,

where,

4
tj - J Nitii-i

is the thickness of the element evaluated at this particular integration

point, the dof's in 'I" system may be written in the following form:

(UM)I - {u1i (uB)l - rt:i2!$}l (A-13)

The xtrain-displacement relationships can now be developed, using

these rearranged dof's:

(cx M au/Bx "M [O/x 0 0
(CM) I - - C - 8v/ay I- 0 a/By 01 (UMj)l (A-14)

LxyJ i au/ay+av/axj 1  [a/ay a/ax OJ

ex)B au/ax 'B [a/ax 0 0
fB - . Cy ~ - v/ay -j0 /alY 0 (uB)I (A-15)

txy I au/ay+av/axJ 1  [a/ay a/ax oJ

{B w/8y+av/lz. [0 0 a/8yj 0 8/az 0](A-16)
(Ys)I - w/8x+Bu/Bz 0 o/Xl/ ouo ( A- 16

tyzJ 10e B/BxjB[/I z 0 0 j

Inserting Equations A-11 through A-13 into Equations A-14 through A-

16, and considering the following:

a- (UB)I - _ z(I - (6
8z 6z

and (A-17){ /dx B Ni/Bx
a/By - E 4Nj/ay

we arrive at the following general relationships:

8Ni/ax 0 0
4 1
E 0 8il/ay 0 IT](U) (A-18)t-1 E

aNi/ay BNil/x 0
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BNi/fx 0 04 1 1
(ICB)l " •l I 0 ONi/By 0 [A] (0) (A-19)

2 i-[ E
0 Nj/8y Mlax 0 j

(4s 0 0 1 0 Nj 0 1 ..... .. (A-20)
il 0 0 aNi/ax 1 Ni 0 0 J 0 [A]jj E

or, collectively:

"aNi/ax 0 o I u'i

/0 Oaq/y 0 0 [T] 0 v

8Ni/ay 8Ni/ax 01 w
.............- I-------------------- ---

I LNilax 0 0 g
4_ 1

W~I C B 1- 0 1 L 0 8NjByO0 0 I[Aji 0 y

1 Mailay BMj/Bx 0 j OZJE
-------------- I------------------
0 0 8Ni/ay I 0 Ni 0

7s 1 (A-21)
1 0 0 BNi/ax I Ni 0 0

Since the shape functions Ni are defined in terms of the curvilinear

coordinates (e,n), the shape function derivatives are related to the corre-

sponding Cartesian derivatives in the element [E] coordinate system, by using

the rules of partial differentiation, as:{ laeja 1 Bx/aý ay/aý az/8c 8Nj/8x

8Nij/0a - x/8v By/8a 8z/8n H Ni/ay (A-22)

Ji/B. ax/8a 8y/aý ez/ar aNi/az

The first and second rows of the transformation matrix (or Jacobian

matrix [J]) are the tangent vectors to the surface r - constant and the third

row is the interpolated values of the nodal normals. (Note the nodal normals

are evaluated by carrying out the cross product of the two tangent vectors at

the node point.)

From Equation A-7 the coordinates in the 'I" system are related to the

coordinates in the 'E" system by the following:

{UNI - [TIE]U)E
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Therefore, the derivatives are gi,,en by:IaNj/.7x 1 ~i ON C
BN /fay J- ] jNj/,9Y3

3Nj/Ozý

where (A 23)

[#ii 4012 0]

[# ( - [TIE] [Jfl1  - 021 *22 C

#31 432 *33

Note that 8Nij/B and ONj/1z will be zero -hen the interpolated normUl at the

integration point eoincides wv.tb the normal to the mid-surface; e.g., in tae

case ,ýf the flat plate (431 and 432 are zero). The zero terms in [(), i.e.,

013 and 423. result from dot products of pe.z"Pendicular vectors.

A.3 STRESS-STRAIN RELATIONSHIPS

Stresses arc related to the previously defined e r< :, by the elastic-

ity matrix fGJ (where [G) is partitioned to give TIt'', L A f,'q :v:e 5 Sressr)

iY G 0I 0 1 0i( CT

is71  0 G3G YTSL 1~-. K
or(-24

1011 (GIUC;J{tEC O~

where

({JM. Membrane sLrrcst vectc:

(OB) Bending otiess vector

' Tra•-nsvcxre whesv *trjet , t 0,o1

(GI],

0 el Ucdig I A I "K



The membrane-bending coupling moduli matrix [r4] vill be incorporated

into the [G] matrix following this discussion of the uncoupled matrices.

All anisotropic, orthotropic and isotropic material properties are

supported. The elastic modulus matrix [G]M is defined in the material coordi-

nate system and transformed into the user defined element coordinate system by

means of a transformation angle, OM, which references the user defined element

X-AXIS or the material coordinate system ID (MCSID) specified by the user. am

is in the X-Y plane of the element as shown in Figure A-5.

The elastic modulus matrix in the element coordinate system is:

[G] 1 - [U]T[G]M[U] (A-25)

(Note that since the projection of XI onto the XE-YE plane is parallel to XE,

no extra transformations are required between the 'E" and *I" systems.)

The transformation matrix for [GC], [G21 and [G4 ] is:

cos 2 0M sin2eM coseMsinOM

lU1 ] - a in 2 6M cos20M -cosOMsinOM (A- 26)

-2sinfMcosPM 2 sinOMcos 9 M cos 2SM-sin 2 6M

and the transformation matrix for [G3] is:

[U2) - [ 1 (A-27)
-sinOM cosOM

For isotropic materials:

(A) Membrane

[GI] - 0 (A-28O)
I-2 SYM I

(B) Bending

[G2] - t [G] (A-29)
121
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(C) Transvermu Shear

t 2K

31 - -I k (A-30)
t 

2 2K

where E 46 the ýfoiung'x modulus; t is the element thickness at the correspond-

ing integration p(Jnt, v is the Poi.saon's ratio and t 5 /t is the transverse

shear factor.

Note that in matrix (G3], the factor "K" is introduced to compensate

for the difference in shear distribution though the thickness, which is

pa•rabolit and not constant as indicated by the displacement function. The

value of K-.1.2 is the ratio of the relevant strain energies. The P;. factots,

which are derived numerically, are introduced to compensate for the "locking"

uf the element due to excessive shear stiffness.

Fo" anisotropic materials:

"(A) Membrane

CII 3112 013 ]
=IC) - C22 C23 ] (A-31)

'•SYM G33

(B) Bending

IM - -t-[G (A-32)
121

(C) Transez .e' Shear

(G3 1 - -a (A-33)

G2-2 G22

For orthot'opic waterials:

(AN Membranc

S M 0-' 2> 1'~
- -"- **>flhk 1



(B) ))ending

•[Gi _ [Gi] (A-35)
121

(C) Transverse shear

S t G I z o
* ~ ~ ~ ~ 13 - -A ~ o](A 6

0- (A-36)

where El and E2 ar,; the Young's moduli in the principal material axes, V12 is
the major Poisson's ration; G 1 2 is the in-plane shear modulus, Glz and G2z are

*0 the out-of-plane shear moduli and ts/t is the transverse shear factor.

The derivation of the (G 4 ] membrane-bending coupling matrix begins by

denoting the strains at the mid-surface as:

* 0o

(MI - y (A- 37)
0{xy1

and the out of plane curvatures ds:

(K) - K (A-38)

Kxy

Theref ., the• strain5 at a distance z above the aid-surface of the element

0

* 6W " t z{K) (A-39)

The correspordiog 2-D stresses are:

(u) - I((M - zK)) (A-40)

wbe*re fGj1 is a (3,3) "atrix of elastic moduli.

The forces. ind mobeIits per unit len.gth are therefore giver) by;

Zb Zb
(F f - I (7) dz - f [GiJ((o 4Y))(17 (A-41)

aZa

(Ff -- t41](1 { )) V) •2czi (V

30y



(IM - f (a) zdz - f [C]I(-z(E°) + z 2 1K))dz (A-42)
za za

(M) - t2[a i ° ÷ LJ -2 (
-04 `-0~j) + 11,L21-f (K)

where t is the platýe thickness and I is the bending inertia. A~suming a

linear variation of elastic properties between top and bottom satrface.

t/2 $C +G

[Gil - f 5 dz -I :-L-a (A-43)
t 't/ 2  2

t/ 2  3

- 5 G - [G1 ] (A-44)
1 -t/2 121

[G41 - -- ft/2 (-z)Gdz - - (A-43)
t 3 't/ 2

Note that the membrane-bending stiffness coupling tervs vanish for a element

whose elastic properties are symmetric relative to the mean plane of the

element.

By assuming that the elastic modulus has .a ltvear variation between

the top and bottom surfaces, define:

G - GI + C/2(GT - Gb) (A-46)

Therefore, from Equations A-31 and A-32:

(A) Membrane

G - G1 + C/2(-12G4 ) (A-47)

C - G- 6•G4  (A-48)

(B) R•rnding

Gt3
G2 :11.i_

12I

(A-49)

G C." -12  6CG4t 3

Ma I-iX IG3 ]) i not affected since ttransverse shears are assumed t.o have T)o

Coup Ing aMtgou

Cmu s



Therefore, the stress-strain relationship, allowing for membrane.

bending, transverse shear and membrane-banding coupling it:
9

am C1  Gl-6rG4  01 M

G-6G 4  G 2 B (A-50)

where

(oM) - {oy , emb:ane stresses

ax7

(OTOT) oy , Total membrare and bending str•sses
I y ITOT

* (OTS) - , Transverse shear stresses

(IM) q , Membrane &gtrain7xy{ ;}
EB) - fe" I Bending strains

[Vx )bx

* ~(ITS) Transvertse shear strains

A.4 STIFFNESS MATRIX

* The eiement stiffness M"txii is derived by mlnimi'ing the total

potential energy and is given in fumerical form by noploying the Gauss-quadra-

ture integration method:

[KIE - I ' Z LB]TIG]IDlWVWnW•det p3i (A-51)

where ((, s, •) are tbhe G&usslan integrLtior, point coordinat:-• &,nd Vý, WI,, anc(

W( ai, the -swsociated w'eiht factors. Det 1J] represents th.. physi.ca vcLne1

of tzle el o e n I as c a Io a t thI a pc-I7t. , AIs fi the m"i 4 ]I -z
re~ir~iorshtp of Fqviatiot A "'A &nd C 11; tbe- xtress' iFrt if 't.!ato tl c
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Each element a,% ffness matrix partition in the elament coordinate

system, [KiJ]EE, is transformed to the global coor6inate system by the follow-

ing transformation:

T
[Kij]G - [TEG]I[KjIjEE[TEG]i (A-52)

where ITEG)] 4s determined by relating the element cocrdinate system to the

global coordinate system for grid I through the basic coordinate system:

ITEG]i - [TEB]t1TBG]i (A-53)

A.5 CONSISTENT AND IUMPED MASS MATRICES

The consistent mass matrix terms are evaluated, neglecting the rota-

tional inertias associated with the a and 0 degrees of freedom, by the follow-

ing expression:

4
Mij - . NiNj pIJltn (A-54)j n-1

where Ni is the shape ftmction for node I, p is the w•ss per unit volume, IJP
is the physical area of the element &nd tn is the element thickness at the

integration point.

The lumped mass matrix, which is calculated at the pseudo center

(i.e., the average of the element grid coord.nates), is prorated to the edges

based on the distance of the pseudo center from each edge.

The terms oi the lumped mass matrix are evaluatud using-

4
Mjj - Ni [1J3tn (A-S5)

The transformation of the nAaSS matchix to the gl!.)hal eoordinate system

is carried out using d'e :uame transformMtIon matrices as used for the stiff-

ness matrix in Equation A-52,

A.6 STRESS RECOVEPRY

The clement strewes In psitttiooned formr from Eqoztion A- >1AIe



r G j C1-6ýG 4  0 C~ M IM 1
...... ......... -- - -----

. TOT - GI-6;G 4 I C2  I01 CB (B...... .•.... ... --- .....--
YTS TSME

or G1 F 1 G4IllMCS............ . .i . .......-

{ OTOT - IG 2 I1 0 ei - A1, (A-56)----- .... ----..--

T J 0 0 IG3 ,,TS.EC LTTSJ T

For a specified grid point temperature, the thermal strain vector is:

(cM)T C y (a(TI - TO) (A-57)
"I 'xy IT

where (a,) - [U]V'(aM) is a vector of thermal expansion coefficients in the

element coordinate system. [U] is the strain transformation matrix given in

Equation A-26 and ({M) is the vector of thermal expansion coefficients in the

material axes. Ti and To are the specified grid point temperature and mid-

surface (stress-free) temperature, respectively.

For a thermal gradient T', the thermal strain vector (tB)T is:

('B)T - (aj)(U T') (A-58)

2

For thermal moments (M)T, the thermal strain vector ({B)T is:

-'B}T -Ct [G2](M)T (A-59)
21

NOTE: ASTROS does not support thermal gradient or moments so that the above

equations are provided for completeness only.

The in-plane stress vector (o)z at fiber distance z from the mid-

surface is:

Bx

("1 - { (A-60)
(O z xy z o '+ (1 11)t c XXY

where the stress vectors (axoy,rxyll T and (OxBay,'xy)2T are the bottom and

* top fiber stress vectors, respectively.
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If a temperature Ti is specified at the point whotre outer fiber

stresses are to te calculated, the additional thermal stress due to the

difference between the specified temperature and a temperature that vould be

produced by a uniform therzal 'ra(4ipnt T' or thermal moments MT)1 is calculat-

ed using:

(6)T - 1G2 ]o•j)(Ti - To - T'z) (A-61)

for a thermal gradient T', and

)T- -zJ-- G 1C2 1(o)T (A-52)I

A.7 FORCE RESUILTANTS

The forces at the mid-surface are evaluated by taking t t average

stress values over the element thickness:

(A) Forces

(F1 { } - ((O)zl + (O)z2) (A-3)

(B) Moments

(Mx1
- Ky - ((O)zl -(oz2) 1 (A-64)

Mxy 2

(C) Transverse Shear Forces

(Q1 - I - { -I (7;z2) " (A-65)QY 2

where stress vectorr (a).1 WZ7~i are stresses at the inteýFration Point's

(default option) or at grid pointr- .if requested) *nd, stzilarly, v')z! aid

jr).2 are the tranzverse shear strftI5es.

A. 8 THER,.,AL WMAD VECTOR

The thermal *i.,ad vector is ¢•contvýed as:

frd - f [Bj j i,) .v ((.I6V
"v

•,h•'•e th, lo d "ector (Pj") Ys defIn,..d ,s:



{PT) " 
(A-67)

where (FT) and (MT) are the thermal forces and moments, respectively.

The thermal strain vector is:

- {-~-j AT
where ({M)T and ('B)T are the thermal membrane and bending strains, and corre-

spondingly (aM) and (aB) are the thermal coefficients of expansion for mem-

brane and bending. AT is dependent on the temperature loading being speci-

fied.

(A) For a specified grid point temperature the thermal membrane

strain vector, ("M)T, is:

(eM) - (a](Ti - TO) (A-69)

Ti - Grid point temperature

To - Reference (stress-free) temperature

(B) For a thermal gradient, the thermal bending strain vector, (MB)T,

is:

{B) - (OB) (-Lt- T') (A-70)
2

(C) For thermal moments, the thermal bending strain vector, (tB)T,

is:

('B) - [G2 ](M)T IS (A-71)
21

ROTE: ASTROS does not support thermal gradients or moments so

that the above equations are provided for completeness only.

A.9 LAMINATED COMPOSITE MATERIALS

The capability to model a stack of layers with a single QUAD4 element

is detailed including the computation of equivalent *single layer" properties,

i.e., membrane, bending transverse shear and membrane -bending coupling. The

recovery of element forces, layer and interlaminar shear stresses and the

computation of ply failure indices is also described in the following overview

of theory.
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A. 9.1

The calculation of the movercll" properties for the laminated compos-

-t.e elements is based on the classh:al. lamination theory with the following

assumptions:

(A) Each of the lam['ra is i:i a state of plane stress.

(11) The laminate iv prewsuptd to consist of perfectly bonded lamina.

(C) The bonds are prestmed to be Infinitesimally thin and non-shear

deformable. That is, the displacements are continuous across the

lamina boundaries so that lamina can not slip relative to one

another. Thus, the laminate behaves as a single layer with

"special" properties.

The material properties of laminated composite materials are reflected

i'n the following force-strain relationship:

C24 I G2 0 VT

0 0 0 ts G3 • I

v' .- r e

) F. , Membrane forces per unit length.

(M) - My , Bending moments per unit length.fix
(V) - Transverse shear forces per unit 1iength

and the rema:ining terms huve been defined previously.

The G1 , 2, and G4 trrms are defined by the f olIo;ing:

G1  .1 f G. I d43
t

c ,, ,o , , 2 {% : • A 7 •

t- 3



The limit on the integration 4&1* froma the bottom surface te the top surface of

the laminated composite. The, aLýAst:lclty matrix [GE] has the fo'41c1wing form

for isotropic materials:

[CF SYH 0L~.o (A-.74)

i~ 2 j
G -(A-75)

2(1+v)

For orthotropic materials, matrix [GEI Lc:

E
(GE) - SyM _'2- 0 (A-76)

G12 .
0 Equation A-73 way be rewritten as-

N

[Gj 1  - ~ j1 1 K (7-K 7-1
t K-I

N 3 3
Ecr IGJIK (Z)( 7 (-77)

LC'i) 2 31 K-1

N 2 11
- .1 I ICWK (Z )

2t. K-1

Wher*e [Gjj ~Is t-he toedue ed wadti i met! i- M'VXIUAiid fOr eaICh ri~i A te a~I

tranis Corn~in tnF " 1&=inm prOPei t:Y m~at. a .) f>: omi 0J ý f ibe i t-c- the lemIent ma 18,',.

~ y.ja-: c trip top anwi .to'r -Anrr!: of l,r> 1AI"x. frowr Tui"'

OLc 11",'Ile planre of tl-i 1a~ik ine a&~ .~ tn ~ T~iro A-, ani1 o

t irv or f J'amiIng (or p1iCS), N(' thst the~ P1~t 41: a fc nbere~ selial

*~W'' -~ n iEI at theA bnrtonr 1 ýr 1he tot tori: lw'ei if; defi-f! as & t fl

urA.e w~ift t-he la-rg ST --7 -variir 1'ý thtý ele e'li .£rc' W



option to model membrane-only elements ýs exercised, matrices IC23, (G3', and

IG41 are set to zero.

If the user e.efix~ed element axis iui not coincident: with the tUemenc.

material axis, the uster xpecified t~ransforaation angle PM,, tffiih refe-nuces

the element X-axis, is added to the layer orientation agih. The property

matrices !G 1 ], [G 2 ), and JG4 1 are chen trarsformeA to the ku;er defined element

axis using the following equation:

1GE) l1[UT [CM] IU) (A-78)

whe re
V*os 2 # sin2a cozCiin 1

[U] - ] sir.2g cos 2 a -costsing (A-79)

-2sin~cosO 2gin~cosO cos 2 9-zin29

T"he trarsverse shear flexibility (C3 ] matrix is defined by:-

L C12 G22

and the correspondLig matrix trarsformed into the user.-defln" J ca)eimnt -Oordi

nate 'stei is given by:

i[] - [W]T [wM] jWj (A-81)

where

Scos9 sine ]
[w] -,(A-82)

The derivation nf the transvera mhear fl:!xibillty %at:,tx [t 3 ] ior the

lnrinate is cortidered xt.

The mean value o.ý the transverse shear modulus, G, for the laziated

composite is defined In terms of the transverse mheat striln c,,ergy, j,

th.o gh the d!ptlh as:

11 ~ 21
_Y . t ..... z (A-83'

2cGt G(z)

Suni ý OC l rAn 'Val ue of' I at•sverve #,fl'ea] st.r 'n i ";osumed to tx.rt fýor bot)

& I-(! y-COL,,porielkt.s of tOle ýA-m(•z voa Coodinate s,,- S ,; , but. fo s& ornse



di-cus.-ion, only the evaluation vf allV coupled xCoMpoJLýnt of the ahe•r

uodull will be illustrated here, From 'ZqaLzion A-83, the mean value ef

transverse shear .oduiu, is wvritten In the following form:

L _ J'7 d (A-84)C x V 2 L -- A - ( Cx ) i

,w!ýexe G Is an laverage' trangverse shear coefficient used by the element code

SL-(Aj the iz lo.al ahear coefficien-t for layer 1. T• oaluaze Equation A-

84, it is, necesu-y to obtain an sxurrrssion for Ivzx(z)]J L This is accom-

• piisbed by . that tbp x- and ycoaponento of stress are decoupled from

one another. !!Az £essunaption allows the Atsired equation to be deduced

ithaough an txnminati.r, of a beam of unit cros,, sectional width.

z

The equl.ib.l[,,m, cond-t:ioas in thet hnrizontal direction and for total

131 z e•x
Vx • ...... i- • 0(A-85)

OM4x (A-86)

1i tfhe i-:atlon Ofi rue xoutxe zixfacc !is Citoted by r,, *ncd p is the radius of

*zya cwre cf the beall, tlh arl-t &s in expi.Žtsed in the form~:

4&(z ,"-x .. .. • ., ........ M A 7 )



--- -- - ---

Equation A.-S7 I.& diffhentleted with rvwpect tD x and cow~bined with Equatitykz;

A,-P5 und A-86.- Fwo'. constant E., the rcesult igý Int,!grated to yield t ie follow-

ing pein

v
Cj (EI)x 2J

1Fquation A-98 Ihv used In th,! gý_aijySiS or n_,AŽ Ly 1d)nates be-sius

suffici ~nt conditions exit~t to Aetvrziht4e -i (1i ~~-1.2 ..... n) and

the Idi ectional bending cep.-tr,' zI. Wx*Aple., ý%', ider ci ohw

lamiinated econ-figuration:

z

2 7]-

At the bottoin stir .ce (i.-I, x-zc0 , aind rxz-O), rherifurtt:

C . X>

a-rici.~~~~~~ fo )c !i -ya h.i eif cebee~ leý -~

f, ti - Cx,01~.

At t~r)Jsint-,xfn t 1 b ) p it -J J-.

+V

,2'

A.;6 I a



0

Then, in the ply, Z1 < Z < Z2 , the shear is:

[-. Iz(Z-zl) - .1 (z2-zi) 2A9(EI)x 2

In general, for any ply zi.1 < z < zi, the shear is:

VE. - 2
vxz(Z)i - (rxz)ij 1 + • [zx(z-zi.i) - 1 (z 2 -z. 1 )) (A-93)

At any ply interface, zi, the shear is therefore:

V i -
(xz) x M, Exj Tj [ (zj + zj-)] (A-94)

where Tj - zj-zji..

Note that the shear at the top face, (rxz)n, is zero and therefore:V n n
-(z 1 z 'I) (-5

('T)n - _ jx Zj Tj . Exj Tj 2 (-5(EI)x rzx j 1 2

Equation A-95 proves that if Zx is the bending center, the shear at the top

surface must be zero.

A better form of Equation A-93, for this purpose, is:

V E 2 9
[rxz(z)]i " xi fxi + z(z-zi1 l) 1 (z 2 -zil) (A-96)(EI)x 2

where

i-I
fxi - _I_ Exj Tj (z (-7

Exi j.l 2x 2 _j+j.) (-97)

Substituting Equation A-96 into Equation A-84 yields:

n
T L:. __ R. .i (A-98a)

SGx (IFI)2 i-l Oxi
x
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where

-x (Exi)2 Ti[(fxi + (-Zx.Zi..)Ti 1T 1
2 )fxi + (~x.Z.i

-3 3 3 3 -

- 1 Ti) zxTi + (1 Zj 4 + 1 Zi.Ti + L- Ti)Ti (A-98b)
4 3 4 20J

This expression for the inverse shear modulus for the x-direction is general-

ized to provide for the calculation of each term in the two-by-two matrix of

shear moduli as:

[Zkil - - E [ckil Rki (A-99)(EI)2 i-I
kk

where

k - 1,2

1 - 1,2

Note that if no shear is given, [Gi]-l 0, and also that, in Equation A-99:

(EI)iI - 1,1 term of I x [G2 ]

(El) 2 2 - 2,2 term of I x [G2 ]

where [G*21 is calculated in the same manner as [G3 ] except that Poisson's

ratio is set to zero. The moduli for individual plies are provided through

user input. Because G1 2 oG2 1 , in general, an average value is used for the

coupling terms.

r G (iI2)AVG 1
[G3] - [ ( J (A-100)

A.9.2 Element Laver Stress Recovery

The linear strain variation is given by:

{'x) - ('CM - z(K) (A-101)
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where

(CX) - "ayer mtrain vector in the element coordinate syrtem.

{eM) - Reference surface strair, in the element coordinal:e system.

(K) - Reference surface curvatures in the element coordinate
system.

Z - Distance of the wid-surface of the layer k from ithe laminate
-•reference surface.

The individual layer stress vector in the fiber coordinate system iLs:

(0L0 - IGL] [T] lix) (A-102)

* •where

(OL) - Layer strcss vector in the fiber coordinate system.

[CLI - Stress-strain matrix in the fiber coordinate system.

[ [T] - Transformation matrix to transform strains from element
coordinate system to fiber coordinate system.

(ex) - Layer strain vectox in the element coorditAte system,

For alement tewperature and/or thermal gradients, the strain vector

has to be corrected for thermal effects before applying Equation A-103:

(ey) - (4}) - (a) (T + zT) (A-103)

and for thermal moments

CX { -x (CA { -x (C { T (A-104)

wher e

(w)e- Mechanical strains.

(a) - Tliermal coefficients of expansion in the elemer-t coordinate
lystem.

T - Element temperature.

T o' - Element thermal gradiept.

r - Listance from the aiddle of the layer to the ).&minate
rZfrence surface

{ '. •Lyt At?,-airns due to thtrzal moivewT, it) the izenrt coo)xdl.
* ~na. esysteml.
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The thermal strain vector due to applied thermal moments is determined

by substituting for (M) in Equation A-73 and solving for the reference surface

strains and curvatures, [(TM) and WKT), respectively.

A.9.3 Interlaninar Shear Stresses

The interlaminar shear stress Vyz, rxz can be computed at any ply

interface from Equation A-96.

A.-9.4 Force Resultants

Forces and moments for the element are computed using:

N

(F) - I (ox) Tii-i

i-l, N (No. of layers) (A-105)

N
(M) - E -ziTi (ox)i-l

where

MF) - In-plane force resultants.

IM) - Out-of-plane moments.

(ax) - Stresses in the element coordinate system.

Ti - Layer thickness.

zi - Distance from the middle of the layer to the laminate
reference surface.

A.9.5 Failure Indices

Failure indices assume a value of one on the periphery of a failure

surface in stress space. If the failure index is less than one, the lamina

stress is interior to the periphery of the failure surface and the lamina is

assumed "safe" and if it is greater than one the lamina is assumed to have

"failed.' The failure indices represent a phenomenological failure criterion,

because only the occurrence of failure is predicted.

The analytical definition of a failure surface in stress space for a

lamina subjected to biaxial (planar) states of stress is provided via the

following failure theories.
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(1) HILL

(2) HOFFMAN

(3) TSAI-WU

(4) MAXIMVM STRESS

(5) MAXIMUM STRAIN

In the analysis of laminated composites, which are typically orthotropic

materials (possibly exhibiting unequal properties in tension and compressicn),

the strength of orthotropic lamina is a function of body orientation relative

to the imposed stress. In ordez to determine the Atructural integrity of the

lax-na, a set of intrinsic strength properties (allowabl stresses or allowa-

ble strains) in the principal tuiterial directionp are defined as:

- Ultimate uniaxial tensile strength in the fiber &recrlon,

XC - Ultimate tniLaxial compressive strength in the ftber 4Iirec-
tion,

Yt '- Ulti'mate uniaxial tensile strength perpendicular to the
fiber 6i:ýection,

¥c - Ultimate 4aniaxial compressive strength perpendicular to the
fiber direction,

S - Ultinate planar shear strength under pure sheAr loading,

Et - Ultimate imtiaxial tensile &train in the fiber direcIoc:i,

Fc. Ultimate zuniaxial compressive strain in the fiber direction,

Ft U]tlimate uniaxial tensile strain perpendicular to the fiber
direction,

Fe - Ultimat.'ý vmiaxial compressive straitn perpendiculsr to the
fiber direction, and

ES - Ultimate planar shear strain under pure rhear loading.

For most coop,3ste materials, rhe planar shear strengthrh and strains

are e*,ual tof: positive amd nogatlvt otheal loadings,

"Pit, five fallu.1e thteoler, and v. bond1x'ý fa1hVAe 'Tdxare itoW d'•-
Sci rle :



+ L '- -FAIUYRE INfDEX (Hl) A-106)
X2  y2 X2  S2

and X-Xt if oa is po•itive, and Xc if al in negative; slusilarly for y. For

the interaction term, (0102)/X2. X-Xt if 0102 is positlr'e X-X, otherwise.

HOFMAs THEQ•

v 2 02  112  a
"x a + 02 4 + --2- + -1 + 22- FA (A-107)

IX CJ lyt YJ XtXc TtYc S2  XtX -

Note that this theory takes into account the difftrence in the tensile

and compressive allowable stresses by usirg linear terv.s in the failure

equation,

This quadratic interactior theory allows for the strength predictions

wherein interaction a.ong stress nowponents can be considered in determining

strengths in a biaxial fet!d. Thus, in the case of an orthotropic lamina in a

general state of plarnr stress:

2 2
F10o. + F 2 0 2 t F1101 + F2- a2 + 2FIt2e.2 4 ýF66W12 - FI (A-10C)

Fl - L - 1- , F 2  , 1- - -4

Xt Xvg yt yc
<A-109)

Fin F 22 2 _• , F66 6

and F'12 needs to bý.- determined axpe xJ.entally, from a biMax' test. I-oweýe.i,

satisfactory resul%,s may be obtaIncd by %et:l ýg it ro zero.

F&I'lure iv ism~r to~ GCC2ý 1T- vit ay One~ of th zt.'ke5s COmnpoaents 1f

equft1 to ita corr#espcnd1S-ig i,..rlin,: strength property. n aat-hesmtic&' ioru,',

the kaxltaum Stres ti orv i. "en bi':

i 4

i 5 !



* 0Y2,tYt, 02 >0 02AdI0O<)

where the intrinsic strength properties *re as~ defined p~reviously.

The M*.inumu Strain theory In analogous to the Maxim=n Stress theory,

Fai lure 1,s Psauied to re~s.I~t wehen any one of the &train dolmponantA isa zqual to

its corresponding Intrinsic ultimaate istrain, In u.athematica?. forms the. Mtaxim~'um

* Strain theory Is given by:

t2 Z- Et, 12 > 0 t2 S F f < 0

wrhere the intrirsic ultimhta 6trairs are as d1efined provi.ously.

0Th 7 iailvx81'ue xineex of7 bonid~ng zAtrrial ts calc.a1ated ;:h

interlaxriua,:: zbea±r *irtrts livided by tb 1o.teb1n~ t"s

A. 10 C0kR.C710Ti OF 01UT-OF* PlANE SHUAR SMRIN

* Iiie typical fonxuuation for a QUAD4 ZLype firntt.. elamnt ITC11o.vs a

stand.urd bi*na.*:oparcmr tric theory- with dbrertivnaa redi),ýed fnt~egration

f~r Dtlt-Of-pltr~e $11e&1' Sti -1rA. WIwe-V~'r, this torvmjatiýn Itax bee n fa'i~d 'vbe'

laackýquace wben 0ht? gzo(t try cit rhe eleraent *. irregxid,.r, anr! a o:et>.

* tfine he:ý-y b ar be*n impleyanted in ASTROS to correce:t th' t,rrb2

'nic wmodificaticn Is buxed upori the phrrv pr ivet. by Ihqýhes and

TfezdayaT- (Referei z A-4), but Is eneraifted to tiiclý.de rnon-piant'rity o'f tlbe

el eatcnt, *ind spec ial features to aLCOMMoKte A ̀:.TR0S' % e, Vc . %-h, f rmul a
*0 tion entor'-es -osiki 'Sbfar alcag aach edre of the xiin,*3 'iinatinb t)hd

needi to Verfoxiu reduced in to rat % c, n.-

VTe forvwIstion r~ this mciýcet Cn oIyi ta ofsa~~i~Ttit$f

cifilacnt t~io,~hinsin tihe f- 0onIna~Lti yi~ystea It~ ~'
dleg ree o- f fr ted-v-tr (c ), t-he rot. ct r.- part <4 W el K 011 LNý nocifl j i la I~ti tt
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A.10.1 Geomgetric Variables

The following terms are defined for each edge of an irregular-shaped.

non-planar element:

A Unit Normal Vector (T ) in the direc-

tion of the next node as illustrated;
083 3

4 
e 2

1 el 2

A Unit Normal Vector ( I ) vhich is a

normalized average of the nodal normals

to the mid-surface along that edge;

n3 3

41=
ni

Length of each edge (hi); and cosine of the internal angle at each

corner (ai).

A.10.2 Edge Shears and Shear ctors

Given the following numbering sequence:

/\/
44'

At the middle of each edge, the constant shears parallel to edges a, , c and

d, respectively, are:
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n. (Ub -Ua) -lIea. (9b +a0)
ha 2

L.-(Ud -Uj) - % (#i-d + 9O
hb

(A'.112)

9- nc- (U.,-U')
c hC 2

i9d -L11(U ) - I ad (1c + 6)

where t.ý anmx 0 are the vectorb of trainslaltions andl rotations at each nlode,

recpzctiv'ely, in the *.Itmcnt courdinrtm ayflrem.

The ilhnir vector (y) t node (b) is wiven by:

(g+ ThbS 4  IK r 10s (A-113)

* or

b b

b )hb

(Ai&



and similarly for the other -des, by permutations of the a, b, c and d

subscripts.

A. 10.3 &o Shear -Strai-n

The contribution of each node to the total &hear strain (T) evaluated

at an integration point is:

.0 4 -+
YT - E Niji (A-115).1-i

The "pseudo-co'ntribution" of each edge to the total shear strain (G) has the

follnwing form:

-0 N N
C_ - (a + caaec) + L (ea + abeb)SI-a2 1-02

a lcx

N .4N

C - -- (eb + %bea) + -:- (0b + Oe!Cd)S• 1-0 2- 1 -0 2

b d
'• (A-116)

N --

S- fec + Ckc-d) 4 --t , (ec + Da ea)S1 -.0 2 1 -0 2

C

G -- e-, (ed+ crb%.) ( Q ec)

6 c

Hence, the co1mrfs of the !B) watrir partitiw-i for &hear, correspondi:-Ag to

i,.ode b, [BSI], are:

{B~}- J .. 2k ,
A h- 1. 3

(A-117)

(I~4j } - .. I .; "" k

'9~'~t) i( ) r ~J r~e ~oc l~p~

S"["h~~1~ i~ e •<': 1'•{,;? '•T :;:•',",::- . !'•; 4 - be p •"jI~ t;,(e1 f hecl- ?:h orl:

-4 , 5, 6.
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[BS ],-- [TIE]) ---- - 1
(;x6) (3x3) iI [TEES6

16W

where

[TIE] - Is the orthogonal tram formation between Integrotionr
* ~points and the *lam~ent coordinate nsys em, rt~ui'red

since all the strains are calcuirted in ?he I systim.

[PI - Is a 3x3 identiity matrix.

"I - Is the 3x3 transformation which tak4es into account the
* following facts

ýAi Hughes' convention for rotati•ois 's dif-erent thtn
the one implemented in STROS; and,

(B) The rotation abaut the xonial to the lad-surfa-e

- at each grid polat. it v Ing-oiar.

If NV is the• not.mal ,e: i.t a given grid pint, -hen.

0 , 3 y 2

* [TEE], - NV3  Ir -i 1 -

-jI:i o 0

S
--

4"9-
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Figure A-3. Deformations at Grid Point i
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GUIDELINES FOR MODELING WIT11 QUAD4 (TRIA3, E2LEMET7'J'2

Ar)TROS (an Automrated gTR~uctural Qptimizatior, ~t~ and four versiolt;
* oif 17ASTRAN (COSMIC NASTPUN, UAI NASTP.AN, CSA NASTRAN and MSC NA.STRAN~) prov6.6e

QUAD4 and TRIA3 elements for the analysis of plates. They are basically f;lat
Plate elements, but they are of.a used for shell str-uctures as welli as
approximations. These approximations becom.e closer to reality with a finer.
mesh size. Much of the discussion in thtese guidelines is with refer~tnC(_ t:'
the QUAD4 element, but comm~ents are equally applicakble to the TRIA3 c.'jeinnt.
The original QUAD4 formulation in programs ASTRO.S, COSMIC NASTRAN ~and AIJA

* NASTRAN is just about identical, and diflerences ',if any) e~ethe result of
subsecpuent revisions. MSC NASTRAN and CSA NST1Th?ý, are different, but never-.
theless all five programs give comparab>,ý,, resulta for Most wel nI-e
problems. AlJso the input requirements and Zhe card struc-ture are qite.
compatible in all f ive cases w.1th minor dif ferences in interpret <o on. Tile
purpose of ths-.se seminar notes is to explain' varions QUAD4 model-iig options
and to point--out the differences in the five progx,> '.s. An explanation of t le

* ~input parameters on the various card,. is =osidered the e ~~way z:o
accomplish this objective.

The QUAfl4 is one of the most extensively used elementb in W.'" "'~N as
well as ASTROS. it is a very versatile element and can be used. to inodel a
variety of plate simulations such as (see Fig. 3.)

*a. Membrane (inp'lane loading', behavior
b). Bending (out of plane loading) behavior
C. Membrane-bending (uncoupled)
d. Membrane-bending (coupled-linear)
e. Laminated plates
f. Layered composites
g g. Sandwich plates with metal face shcý
h. Sandwich plate~s with layered composite fac~e sL. ets
i. Isotropic macerials
j. P-nisotropic (including orthotropic) materiils

App2 icaticii of the QTJAL4 is often confusing becaus of the many optic.ýmt>
available for its use.

There are five cards which describe the irip'i ~ra ieters for th e QLAD.um
They describe its geometry and propor,2ies along w~.vh sorte aivxi!,ia-y inforna-
t ion.

Geornetr-,,_an~d PýKpert~y .Cards

* CQUJAD4 -Connection card

PSHELI, -. Property card for homogeneous and nwihp

PCOMP
or

PCOYMPI Property cards for I amiic 11ce 1;-i-Yeid plat'-r7
or

P*MP,



Material Cards

MATI - Isotropic materials
MAT2 - Anisotropic materials
MATT8 - Orthotropic materials
PLOAD4 - Pressu1re load definition on the QUAD4 element

The properc.y cards PCOMP1 and PCOMP2 are not applicable to MSC NASTRAN.
For a given element either the PSHELL or PCOMP card is applicable but not
toi:h. PSHELL cards are for homogeneous (nonlaminated) and sandwich plates
with nonlayered face sheets. PCOMP cards are for laminated (layered) plates.
In the case of nandwich plates with layered face sheets the honeycomb
(sandwich) core w1ill be treated as a laminate or layer.

A supplementiAry explanation of the parameters on each of these cards
should aid in understanding the modeling nuances of the element.

Ngtes on the CQUAD4

The format of the CQUAD4 is the same for all the NASTRANS and ASTROS
with the exception of an additional parameter "TMAX" (field 3 on the
continuatiun caid) in ASTROS. "TMAX" is the maximnum allowable thickness of
the plate, applicable only in optimization.

The definitions of the parameters in fields 2 to 7 are self explanatory
and need no further clarification. Similarly no additional explanation is
necessary for the thickness parameters specified in fields 4 to 7 on the
continuation card. However, the parameters TM (TEETA) and ZOFF need a
supplementary explanation or caution.

Parameter TM (TETA

The parameter TM defines the material property orientation. There are
two_ options for this definition.

pt ion 1:

Define the angLe between the side of the element (connecting G1 and C-2)
and the material axis. This is the least desirable option. It is cone to
e.rors, because every time the sequence of the element connection -hanges,
the angle must be changed. Also in a complex three dimensional motel it is
not easy to determine this angle without writing a prej -ocessor.

9ti o/n_2:

Trhe integer option is preferable. An integer .i• field 8 referx; to a
separate coordinate system for detining the orientation of the material axis
of the element. The material property definition is now independent of the
connection sequence. The new coordinate system an be defined with a CORDZR

~f et •arar met c ZO ZUFP•OPPŽ

Thf £ p- ,Iarneter provISIns in the Q21_J;4 eleieiret 'onstitutes a s .ic- -
f an jh 3 1 L f r p"!I..te elements i9ef ox e t ht QI)117 the gr i 6 poii.t s co
tU t e C1 I O I def It only Io do i ine ozi the ~I Ut I r A'a -- of the p1 ate e I ern•ets

SIW f- 1 C t T



The offset, ZO, is shown for various cases in Fig. 3. Note the
distinction between the grid point surface and mid-surface of the element.
The definition of the offset ZO on the CQUAD4 is the same in all four
NASTRANS and ASTROS. The offset implementation in COSMIC NASTRAN and ASTROS
appears to give more consistent results than MSC and CSA NASTRAN. See
Reference Al for results on the benchmarking of offsets.

Notes on PSHELL

PSHELL or PCOMP are the property cards referenced on the CQUAD4 (in
field 3). The PSHELL is to be used when the plate is not laminated (or
layered), while the PCOMP is for laminated plates. Only one of these is
applicable for a given element. A preprocessor in NASTRAN (ASTROS) generates
equivalent PSHELL cards from the PCOMP cards before proceeding to the solu-
tion. NASTRAN (ASTROS) provides versatility to the QUAD4 element through the
PSHELL card. It allows the modeling of membrane (inplane), bending, shear
and membrane-bending coupling behavior. Fig. 2 illustrates key features of
the elements described on the PSHELL card. It is a sandwich plate with two
face sheets separated by a honeycomb core.

The first two fields of the PSHELL card are for the name and property
identification called from the CQUAD4. The third field, MID1, is the
material identification number for the face sheets in membrane behavior. The
parameter T is the total thickness of the two face Gheets. MID2 is the
material identification number for bending behavior, MID3 for shear and MID4
for membrane-bending coupling. There are two types of membrane bending
coupling. The coupling resulting from asymmetry in plate construction (non-
symmetric laminates) is called linear coupling. Nonlinear coupling, on the
other hand, is a result of the interaction of internal forces such as inplane
and out of plane (beam-column effect) forces. The latter coupling can be
accounted for only in differential stiffness and/or buckling analysis. The
parameter 121/T' (field 6) can be calculated by using the following defini-
tion for I.

12 \2 /2\2 41J

I is basically the moment of inertia of the face sheets about the neutral
axis (centroidal). It is assumed that the face sheets are symmetric about
the neutral axis. If they are not, the moment of inertia about the neutral
axis can be calculated. For solid plates this parameter is simply 1.0

The definition of the parameter TS/T is obvious from the figure.

No further explanation is necessary for the parameters in the next three
fields, NSM, Zi and Z2.

The parameters MCSID and SCSID (not available in MSC and CSA NASTRAN)
refer to the material coordinate system. As stated in the description of the
card CQUAD4 there are two options for this definition. By leaving the field
blank or a real value the first option is invoked. In this option the
parameter represents the angle between the side of the element connecting the
grid points Gi and G2 and the material axis. The second option is an integer
which refers to a coordinate system defined on a COORD-card. The second
option is the most desirable because the grid point sequence on the CQUAD4
card does not affect the material axis.
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The offset parameter ZO is the same as defined on the CQUAD4 (See Fig.
3). An important point to note is that there is no provision for the offset
definition on the PSHELL card in MSC and CSA NASTRAN. There is some
advantage in having this option on the PSHELL, because when the number of
PSHELL cards is significantly fewer than the number of CQUAD4 cards, this
parameter need not be repeated on all the CQUAD4 cards. The entry on CQUAD4,
however, overrides that on the PSHELL card.

The PSHELL card provides the facility to model homogeneous as well as
sandwich plates. However, the face sheets of the sandwich plates are assumed
to be homogeneous (isotropic, orthotropic or anisotropic) plates. A
discussion of sandwich plates with face sheets made of layered composites is
differed until the PCOMP cards description. The minimum thickness parameter
TMIN is applicable only in ASTROS optimization.

Before leaving this discussion, it is worth pointing out some anomalies
(idiosyncrasies) (as they exist at present, Feb 1993) in the application of
the PSHELL card in various versions of NASTRAN (ASTROS).

Specifying MID1 and leaving the remaining three material identifications
blank simulates the membrane behavior in all five programs with little or no
differences to point out.

Specifying MID2 only invokes bending behavior only (as it should be) in
MSC NASTRAN. It does not compute shear deformation. CSA NASTRAN on the
other hand includes shear deformation, ostensibly with the material proper-
ties invoked by MID2. ASTROS and COSMIC NASTRAN go even further by including
membrane, bending and shear deformations even though only MID2 is specified.
Membrane and bending behavior are computed by the material properties called
from MID2. This is not so bad, because these two behaviors are generally
uncoupled. The most important point to note is that ASTROS (COSMIC NASTRAN)
computes the shear deformation by assuming a material infinitely stiff in
transverse shear when the MID3 field is blank. These results are, in
general, not acceptable. The easiest way to avoid shear stiffness over-
estimation at present is not to leave MID3 blank when MID2 is specified. See
results of the examples at the end of this Appendix. Future versions of
ASTROS and COSMIC NASTRAN will uncouple these computations.

Notes on PCOMP, PCOMP1, PCOMP2

The purpose of PCOMP, PCOMP1 and PCOMP2 is to define element property
parameters in modeling laminated plates including layered (fiber reinforced)
composites. All three cards serve the same purpose except the options are
different. If the layers are made of different materials and the thicknesses
of the layers are all different, then the PCOMP card is appropriate. If all
the layers are made of the same material and thickness, then PCOMP1 is
appropriate. If the material is the same, but the thicknesses are different,
then PCOMP2 is appropriate. The first two fields on the PCOMP cards need no
further explanation.

Parameter ZO

The parameter ZO refers to the distance from the grid point surface to
the bottom of the plate. The plate bottom surface is defined in Fig. 4. It
is the reference surface from which the stacking sequence of the laminates
is defined. The parameters ZOFF defined on the (QUAD4 and PSHELL) are a
source of confusion sometimes. However, figures 3 and 4 should provide
better clarification.
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Parameter SROND

The bonding material shear stress is indirectly related to the
interlaminar shear and its value is generally empirical. A value of 400 to
500 psi for SBOND appears to be reasonable in the absence of a value obtained
from experiments. Any approximation of this parameter will not affect the
analysis results. It affects only the failure theory which is basically a
postprocessing function.

Parameters FT (Field 6)

This parameter simply identifies thre desired failurc theory. The five
failure theories are discussed in detail in the thaoretical section of the
QUAD4 seminar notes. The possible values of FT are:

"HILL" for the Hill Theory
"HOFF" for the Hoffman Theory
"TSAI" for the Tsai-Wu Theory
"STRESS" for the Maximum Stress Theory
"STRAIN" for the Maximum Strain Theory

Parameter LOPT

This parameter description needs no further explanation than what is
given in the PCOMP card descriptions. It should be pointed out, however,
that no parameters are in fields 7 and 8 in COSMIC NASTRAN, while MSC and CSA
NASTRAN define "TREF," a reference temperature for thermal stress analysis
and "GE" the material damping coefficient for dynamic analysis.

Parameters MIDi, Ti, THi, and SOUTi

These parameters pertain to the ith layer. MIDI is the material
identification number of the first layer. The layer count goes up from the
bottom surface of the plate. For the definition of the bottom surface see
Fig. 4 for the definition of ZO. The MIDi refers to one of three material
cards: MAT1 for isotropic materials, MAT2 for anisotropic materials and MAT8
for orthotropic materials. The parameter Tl defines the thickness of the
first layer and THl refers to the orientation of the material axis with
reference to the material axis defined on the CQUAD4. SOUTJ is the stress
output parameter. Then the parameters are repeated for all the layers unless
the symmetry option is used under the parameter LOPT. If any MIDi, Ti or THi
are blank, then the last non-blank values specified for each will be used.

Material Cards

Isotropic & Anisotropic

The parameters on MAT1 and MAT2 are self explanatory from the card
descriptions.

Orthotropic Material MAT8

Most of the parameters on MAT8 are self explanatory with the exceptions
of GIZ and G2Z (fields 7 and 8). When these parameters are left blank, MSC
NASTRAN and CSA NASTRAN do not calculate the transverse shear deformation in
plate bending problems. ASTROS and COSMIC NASTRAN, on the other hand, assume
that the material is infinitely stiff in transverse shear, and thus over-
estimate the stiffness of the element. To avoid such overestimation and to
obtain comparable results to the other NASTRANS, transverse shear values have
to be provided. Values of about two or three orders of magnitude less than
the modulus of elasticity of the material are recommended.
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These guidelines and the accoamparying exarcrlt-4'. ohruld CIarity most of
thIe que'stiens arising in tnl-e uý.;e of the QUPkt an-d f'li3elements.

REFER2NCE

Il Pitrof, Stephen M. and Venkayya, Vipperl.'i B. , benchmar-king the
QTUhD4/Th1A3 Element, Twenty- firaLt N#PTMAN 1User's Colloqcuium, Tampa FL,
April, 1.993.



1 0

Iii

L)

iz z U

I N



II

N
N N

F-Al H
j

.2'

-�1 "I I

juL11
I �j �I

zE 
�1

-
�I

SalLL 

L�i I�L�

&M S� 

o 0)

Ne N N LL

UIL. < 
H

o GKEŽI
if 

1
- III -. 9 �

I [Ji �

I us

I



ZN

j /

0

C16'

I 12
Ml2

..... I.....



INPUT iS PROVIDED

PROBLEM #5
RECTANGý.;AR PLATE

Y

'SSYM---F- T-----7

b J

FIGURE 5

A finite element model of 1/4 of a rectangular plate is shown in Fig. 5. The
length of the plate is 2 or 10, the width is 2, i.e. Aspect Ratios (AR) 1.0
and 5.0, and the thickness is .001. The material properties are given as
E=1.7472xlO and %=0.3. The plate is subjected to two loading conditions
and boundary conditions for each aspect ratio as follows:

CASE 1: Clamped Supports. Concentrated load of P = -4.0xlO" 4 at the center
of the plate.

CASE 2: Simple Supports. Uniform pressure load of q=10-4 over the plate.

Convergence is studied by varying the mesh size. Input data is given for a
6x5 mesh. Theoretical results for the lateral displacement at the center of
the plate are given in Table 2.

CASE 1 CASE 2
AR 5 1.0 AR = 5.0 AR = 1.0 AR 2 5.0

5.60 7.23 4.062 12.97

TABLE 2
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Example A4: The plate is modeled at- a sandwich plate w.jth composite face
sheets and a hoieycomb core. The thicknes;s of the core is 2in.
Two cases are considered. In Case I the MATS entries GIZ and
G2Z are not specified. In Case 2 GIZ and G,2Z are giver, the

* value 4.0XICX1psi.

I.i

10
I,

*



Z DISPL-ACMENi'T (- Of) AT THE'CENT-R OFI-F T L.K T-tE

WDTŽ 1fW M21 ,ND

cos~icJ -7.3247.6F
I: MSC -7_4 -7.693

CSA -7.63(.-

AS*T VQS1 -7-322 -7.680

EXAMTJ,. Ad: Q sA -MID St;~CIFATONS4

I ISPLAEML -I'!E (.2 JTEV~OF IHEPLATE

N~s~~: 1 FCE HUh AT) CORE MAI ERJAL CORE NIATLYRAL
MTh4AL1_kJAPROP ___

1.()19 0ill)( -.0150

NIS(OC) 193 -.0150) .0150)
_,S A wo i 9X)~ -.0 150 -. 150,

_F 0150

EiX ANIN'[f h2: QI* AD4 S kN ICH-ONEYCONIB PROKRJ 1E's
Sandvich Plate Lsoiroplc Fact Srlts



Z DISPLACEMENT (xl0 2 ) AT THE CENTER OF THE PLATE

NASTRAN NO GIZ, G2Z G1Z = G2Z = 4.0 x 105

COSMIC -.803 -1.071

MSC -.838 -1.074

CSA -.945 -1.029

ASTROS -.831 -1.071

EXAMPLE A3: QUAD4 - SHEAR - G1Z, G2Z SPECWIED
Composite Solid Plate

Z DISPLACEMENT (xl 03) AT THE CENTER OF THE PLATE

NASTRAN NOG1Z,G2Z GIZ = G2Z = 4.0 x 105

COSMIC -.199 -2.691

MSC -6.464 -6.526

CSA -5.067 -5.109

ASTROS -.173 -6.531

EXAMPLE A4: QUAD4 - SANDWICH - COMPOSITE FACE SHEETS
Composite Sandwich Plate with Honeycomb Core
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APPENDIX B: SAMPLE PROBLEMS
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QUAD4 SEMINAR

APPENDIX B

SAMPLE PROBLEMS

PROBLEM PAGE

NUMBER DESCRIPTION NUMBER

1. PATCH TEST FOR PLATES 83

2 STRAIGHT CANTILEVER BEAM 85

3 CURVED BEAM 86

4 TWISTED BEAM 87

5 RECTANGULAR PLATE 88

6 SCORDELIS-LO ROOF 89

7 SPHERICAL SHELL 90

8. COMPOSITE PLATE - PURE TWIST LOADING 91

9 COMPOSITE PLATE - UNIFORM PRESSURE LOADING 92

10 OPEN COMPOSITE TUBE 93

11 STRAIGHT TEAM TEST - SIMULATION OF EQUIVALENT
ISOTROPIC PROPERTIES. LAMINATE CONFIGURATION
0/0/0/0. 94

12 COMPOSITE SHELL ROOF MODEL 96

13 COMPOSITE RECTANGULAR PLATE 97

14 COMPOSITE SANDWICH PLATE 99

* Problems 1 through 7 reference isotropic material and are defined in the

MSC/NASTRAN APPLICATION MANUAL, SECTION 5.

+ Problems 8 through 12 are provided by UAI/NASTRAN.
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INPUT IS PROVIDED

PROBLEM #1 PATCH TEST

7

±t8 i3

4 
2

6 6

FIGURE 1

A model of a patch test for plates is shown in Fig. 1. The length of the

plate is .24, the width is .12, and the thickness is .001. The location of

the inneg nodes is given in Table 1. The material properties are given as

E=1.Ox10 and v=0.25. Displacement boundary conditions are specified for

the following cases:

CASE 1. Membrane Plate

u = 103 (x+y/2)

v = 10-3(y+x/2)

CASE 2. Bending Plate

w = 10 3(x2+xy+y2 )/2

e = __ = 10- 3(y+x/2)
x ay

e = 10-3 (-x-y/2)

The theoretical solution for Case 1 is given by

ex = y= = 10"3; x =y =1333.; rxy = 400.
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The theoretical solution for Case 2 is given by

Bending moments per unit length:
-7 -7

mx y = 1.111xi0 mxy = 107

Surface stresses:

c = 0 = +.667; T = +.200x y - xy -

LOCATION DNN

NODE X Y

1 .04 .02
2 .18 .03

3 .16 .08
4 .08 .08

TABLE 1
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INPUT IS PROVIDED

PROBLEM #2
STRAIGHT CANTILEVERED BEAM

yIl 3 9 II I

SIII I I

1a) veular Sape liments

45* 45

b) Trapezoidal Shape El wets

c) Paralle1ogram Shape Elements

FIGURE 2

A finite element model of a straight cantilevered beam with rectangular,
trapezoidal and parallelogram shape elements is shown in Fig. 2 (plane view).
The length of the beam is 6, the width is 0.2 and the depth is 0.1. The beam
has material properties E=l.OxlO and v%-.30. All the elements have equal
volume. The beam is subjected to 4 loading conditiors as follows:

CASE 1: A unit force is applied at the tip in the X direction. (Extension)

CASE 2: A unit force is applied at the tip in the Y direction.
(In-plane shear)

CASE 3: A unit force is applied at the tip in the Z direction.
(Out-of-plane shear)

CASE 4: A unit force is applied at the tip in the +Z direction. (Twist)

The theoretical solution for tpe displacement at the tip in the direction of
the load for Case 1 is 3.OxlO- , for Case 2 0.1081, for Case 3 0.4321 and for

Case 4 .032i8xIO-2.
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INPUT IS PROVIDED

PROBLEM #Z
CURVED BEAM

y

FIXED,

FIGURE 3

A finite element model of a curved cantilevered beam is shown in gig. 3.
The inner radius is 4.12, the outer radius is 4.32, the arc is 90 , and the
thickness is 0.1. The beam has material properties E=1.OxlO and v=0.25.
The beam is subjected to two loading conditions as follows:

CASE 1: A unit force is applied at the tip in the +Y direction.
(In-plane shear)

CASE 2: A unit force is applied at the tip in the +Z direction.
(Out-of-plane shear)

The theoretical solution for the deflection at the tip in the direction of the
load for Case I is .08734 and for Case 2 is .5022.
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INPUT IS PROVIDED
* PROBLEM #4

TWISTED BEAM

FIXED
END

FIGURE 4

A finite element model of a twisted beam is shown in Fig. 4. The lenoth of
* th8 beam is 12, the width is 1.1 and the depth is .32. The beam is tgisted

90 from root to tip. 'The material properties are given as E=29.0x]O and
v=0.22, and the beam is subjected to two loading conditions as follows:

CASE 1: A unit force is applied at the tip in the +X direction.
(In-plane shear)

CAS[ 2: A unit force is applied at the tip in the -Y d'rection.
(Out-of-plane shear)

1he th ,)reticai solution for the deflection at the tip in the direction of the
load fur Case I is .00ý424 and for, Case 2 is .001754.

0



INPUT IS PROVIDED

PROBLEM #5
RECTANGULAR PLATE

Y

SYM

'SYM

Sb i '

FIGURE 5

A finite element model of 1/4 of a rectangular plate is shown in Fig. 5. The
length of the plate is 2 or 10, the width is 2, i.e. Aspect Ratios (AR) 1.0
and 5.0, and the thickness is .001. The material properties are given as
E=1.7472x10 arid -0.3. The plate is subjected to two loading conditions
and boundary conditions for each aspect ratio as follows:

CASE I: Clamped Supports. Concentrated load of P - -4.000 at the center
of the plate.

CASI 2- Simple Supports . Urni form pressure load of q=10-4 over the plate.

uonvergence is studied oy varyi nu the mesh size. Input data is given for a
6.x, mp sh. Theoretical results for the lateral displacement at. the centcr of
th- Pl •• ari, qive,i in lai le

AA -.... .... C A• F i ..... ........ ... i..... ... . ...• -A • T .. . . ...



INPUT IS PROVIDED

PROBLEM 6
SCORDELIS - LO ROOF

0/

Ni/
•I

FIGURE 6

0
A model of a Scordelis-Lo Roof i.e. a singly curved shell, is shown in Fig. 6.
The roof has a radius of 25', a length of A0', and a thickness of 0.25'. The
material properties are given as E=4.32x10 lbs/ft2 and ,)=0.. TPe roof is
loaded by its own weight, and the weight of the roof is 90 lbs/ft . Only 1/4
of the roof is modeled. Symmetry boundary conditions ire imposed on the

0 interior edges and U =Uz = on the curved edges. Convergence is studied by
varying the meh siAz. Tinput data is given fhr an Px? mshý, The theoretical
solution for the midside vertical displacement is .3)86'. A value of .3024'
was used for oormalization of the results.

Ieference Z ernki ewi ct ,, 0 .fl , The F inite Fl ement Methd , Third [d it ion,
* M,(;r aw-H I1i 1 Book Co,•-TiKT-L inl Aed p . 3,49-l.1 .

i

0



INPUT AND OUTP'i ARE PROVIDED

PROBLEM #7
SPHERICAL 

SHELL

I

X *2.0 (an qia4r&At~)

FIGURL 7

A model of a spherical shell , i.e. a doubly-curved shc l, is shown in Fi 7.
The shel, has a radius ? 10 and a thickness of 0.4. The material properties
are given as L=6.825xlO arid -.=0,3. The shell ii subjected to con:=entrated
forces, as Ahow, in Fig. 7. Only 1/4 of the shell is modeled and symmetry
ImUrInary co0.ditiiors are imposed on two sides. In addition the * node is
ri .on ,. ri r ed, I n . . z d ,rec t ion. Converqence is studied by varyinq the mesnr

i I p!,it aid (ut ut re y ven for an . . . . mesh, A theoretical lower bound
four t h( radiaa deflection at the center in the case whe,-e the hole at thie
ce .. 5, 1 . nrot r ',' t 0s O', 24 A, value of .0940 was used for normalizatioon
of (Ini rtsu- tso

1o "ý 1 1 r'

..'-..----,.--, .... -.-... {7



INPIUT IS PROVIDED

PROBLEM #8
REGULAR SYMMETRIC CROSS-PLY LAMINA'It

.- // /
* 0

FIGURE 8

A compos .i square plate of length 5 modtled as a synmnetr': cross-.ply l am nate
[0, 90, O] with four olements is shown in Fig. 8. The thickness of eoIFh ply
is .02222. i,• m feria, proper'ies are 9ivern a,; E 2.0xlU', EE ='5,.O lP ,x

\) 2*?) ind G,2.5x10 and are the same for eachIply. Three2corners of the
P .e are pinniej and a unit force in the *-7 direction is aprplied at. the free
corner to simulate 1 1u"e tP.i s loadin;g, le theoreti -,ti solution for the Z
deflection at the free .orner is -3,760x10 Theoretical results are d iso
g given for r for tlhe element vr•nt.: inirn the free curner in Table 3.

3 1, 50.0

T A 5 L .E

TABL.E :3
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i NPUr IS PROCV IDED

PRFOBLEM #9
REGULAR S'MMETFRIC 'ROSS,-PI.Y LAMINATE

10 113

3 _ 8

14 7

FIURýE 9

A quarter, model of a composite square plate modeled as a symmetric cross-ply
laminate is shown in Fig. 9. The length of each side is 1.0, ald the thick-
ness nf etch p y is .000666. The mterial properties are given as E =2-oxlO?

S,=5OxlO , .,�>V 0.25 and G.2Sx1.0ýx and are the same for each ply. 1 The full1
pTate is simpi• supported 1ýd is subjected to a uniform p,-ýssure load of
-1 .0x]0 . The finite elemcnt1 moiel contains, 25 nodes and 16 elements, The
the.reticra1 solution for the ; deflection at Grid 25 (center of t., plate) is

--i.836xl0', Theoretical results are also given for the stresses in layers I
and 3 in elemirfnt 17 in Table 4.

L ... . .

TABLE



INPUT AND OUTPUT ARE PROVIDED

PROBLEM I00
COMPOSITE OPEN TUBE

FIGURE 10

A finite element model of a composite open tube modeled with the symmetric
1,- up (45, -45, 0, 90, 90, 0, -45, 45] is shown in Fig. 10. The model
contains 146 nodes and 128 elements. The length of the tube is 80, the
radiu,-, is 50, )nd the thickness of ech layer is .24. The material properties

are t;ivei as, E,-73.8xC!0 1 E '3.75xiO , v -•O.4, and G I -l.74xlOT . The tube

is su jeUted ý6 a uniform p~essure load 10.5. The theoretical solution

,the hoo loading, FY, for element 8 is 525. 'Results from MSC/NASTRAN

are iJiven in Table 5 for the layer stresses in element 8.

2,519E2 1.740E1 2.273EI
2 2.494E2 1 ,748E,) -2.273EI

3 -2.25?7E2 3."?88 E] 1 0881-.2

4 7. "6 E2 2 .C5 1 2 C 2II -2
5 5. '59 E? 3 2657 80 51 E, -

7 S.5 5E I d74 EI 2.'e? . 4 E I

1 H5F A1 70[5 1 4LI

* I.



INPUT IS PROVIDED

PROBLEM #11
STRAIGHT BEAM TEST

a ? 3 4 5

•/, 5 S lt 3 )

FIGURE 11

A finite element model of a cantilevered beam modeled as a laminate configura-
tion [0, 0, 0, 0] in a simulation of equivalent isotropic properties is shown
in Fig. 11. The length of the beam is 6, and the thickness of each layer is
.25. The material properties are given as E=I0.0x1O and v=.3. The beam is
subjected to two loading conditions as follows:

CASE I, A unit force is applied at the tip in the X direction. (Extension)

CASE 2: A unit force is applied ?t the tip in the Z direction.

For Casý I the theoretical solution for the X deflection at Grids 13 and 14 is
3.0x10-o For Case 2 the theoretical solution for the Z deflection at Grids
13 dnd 14 is .4320. Theoretical results are given for the bending moment
distributiorn from the free end to the cantilevered end in Table 6.

ELEMENT NT x

5 2.50
4 7.50
3 12.50
2 17.50
1 22.50
6 27.50

TABLE h

W4
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For Case 2 results from MSC/NASTRAN are given in Table 7 fxr- the direct layer
bending stress in element 6.

LTAYER NO.

1 1.238E4
S2 4.126E3
3 -4.126E3
4 -1.238E4

TABLE 7

0

0

-0 9 S)



INPUT AND OUTPUT ARE PROVIDED

PROBLEM #12
COMPOSITE SHELL ROOF

INN

PFGURE 12

A finite element model ot a composite shFil roof modeled with the symmetric
tay-up [45, -45, 15, -15, -15, 15, -45, 45] is shown in Fig. 12L The length
a,•d radius or the shell are 25, and thr thickTss of eat layer is .03125.

The mater;gl properties are given as E1=2.OxlO , E =0.5xIO , V1 ?=.
G =.5xl4O , and G--Gm =2.5x'0 . The shell is subjected to a uniform

ssureof 90.0 esb {ts from M3C/rIASTRAN are given in Table 8 for the
ridial deflection at selected nodes.

34 -4.0662
35 -1.3441
.36 -1 .6074
43 -1 3267

44 -1 .6,739
45 ,- .0079

BAL

IU



PROBELM #1.3

y COMPCSITE RECTANGULAR PLATE

13a 0fZ4

13 14 SE

7 10

a3 Y.1 '

FIGURE 13

A comnposit~e rectanqul~ar plate mcdeled with the sy~nnet.ri~c lay-up [45, -45, .0,
0, 0, 90, -45, 4511 is sho-wr in Fiq-. 1.3 The mcodel contains 36 nodi-s and 21)
e-lements. The leng~th of the plat~e is 20, the widt~h is 1.5, and tlve thickne-
of. each la-yex is 03.The matorial propertieso aye, givein as '1:~ ~
E < .6~ v,2=. 25, G0. ̀=.5xl0'" Fand G,,Gll_4 . xl0 Pou)"r var ati )EOO of thf-
Vlat-e a~re(- consi~deiedý

CASE I The p1late eis mode~led an; a mern-)i me uha tcd a ctre o oi
-i.,, toe X. dixcr t ao t r-hi, X-1 ', 0 e'3qe

c"', of t;, l4 d V



CASE 3: The plate is modeled in membrane and bending and 4s subject to the

loads defined in Case I and Case 2.

CASES 1 through 3 are defined for a static analysis, RF #1.

CASE 4: Normal modes analysis using RF #3. The first ten natural frequencies
are found.

ýI'



PROBLEM #14

COMPOSITiE SANDWICH PLATE

-o-=_

FIGURE i4
i ~ A sancdwic~h plate with an isotropic core and c. nposite skins miodeled with

* the syTr~netric 1ay~ip [45, -45, 90, 0, 0, 90, --45, 45] is shown in Fig 14.

The model contains 35 nodes and 25 elements. The length of the plate is 20,

the width is 15, the thickness of each layer is .0235, and the thickness of

the core is 1. The material properties of the composite skin are 9 y'en as
S3 . 3 n G65xI06  Z .

ma~terial r, )perti~s jof the core are given as G=3.0xlO . The plate is

I I s loto 17 2.

*# [ L...M, i [)EF I IT ION

i • ~ Composite Face Sheet.

A whSandwich core

t p rope rties of te ace s i a-et

.__-_X0 =16lO v02 nd62'5lO GlýC,,4Ol h



B.2 RESULTS AND COMPARISONS
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APPENTTX C: CASE CONTROL AND BULK DATA CARDS
PERTAINING TO THE QUAD4 ELEMENrL



Case Control Data Card ELSTRESS - �lement Stress Output Requvst

DeScription: Requests ftrt-m and type of element stress output.

Furrnt and Exampl(es):

SRf TI PRINi EXTREME REAL ( ALL
NOPRINT PHASE NONE

ELSTRESS a 5

ELSTRESS - ALL

ELSTRESS(SORTI, PRINT, PUNCH, PHASE) .- 15

~o_ . o.__nn MEa n i

SORTI Output will be presented as a tabular listing of elements for each load,
frequency, eiqenvalLe, or time, depending on the rigid forimat, SORTI is not
available in Transient problems (where the default is SORTZ).

SORT2 Output will 1;e presented as a tabular listing of load, frequency, or time for
each element type. SORT2 is available only in Static Analysis, Transient and
Frequency Response problemns.

PRINT The printer will be the output media.

PUNCH The card punch will be the output media.

EXTREME or Requests stresses to be calculated at the extreme (top and bottom) fibers of
LAYER q plate element or, for composites, the stresses for each layer. (See Remark 8)

PEAL or Requests real and imaginary output on Complex Eligenvalue or Frequency Response
iwLG problems.

PHASE Requests magnitude and phase (0.0 s phase - 360.00) on Complex Elgenvalue or
Frequency Response problems.

ALL Stresses for all elemnents will be output.

rn Set identification of a previously appea-ing SET card (Int'.!ger >0). Only
stresses for elements whose identification numbers appear on this SET card will
be output.

N[ 0 1,Stresses for ro elements 0ill be output.

RPf r s: 1. Bcth PRINT and PUNCH m.ay be requested.

2. Afn output request fr- ALL in Trans ent and Frequency response probleeis qrenral.y
produces larqg amounts of printout. An alternative to thib would be to define a SET
of interest.

'. in Stctic Analysis o' Frequency Response problems, any request for SORT2 cut'ut
causes Ptll output t(, be SRkT2.

4,EL RE1ST is an alternate form and is entirely equivalent to STPE•-S.

S'. NL'F•ý[ N, a•'iow. overrildir an over ý1l request.

(urtru , ,



ELSTRESS (Continued)

6. if element stresses In material coordinate .ystem ae desired (only for TRIAl,
TR!A2. QUAD1 and QUADZ elements and only in Rigid Formt 1), the parameter STRESS
(see the description of the PAROt bulk data card in Section 2.4.2,' should be set to
be a positive integer. If, in addition to elem•ent stresses in material cor•dinate
system, stresses at the cm.inen;ted grqd points *re also desii*d, the paraomter STRESS
should b: set to 0.

* 7. When LAYER is selected, nobidual layer strjsseL; and/or failure Indices will be
output.

8. The option EXTREME and LAYER "is ,nly applicable for the QUA Olneimnt.

IL

a w.n



Case Control Data Card STRESS - Element Stress Output Riequest

EescrIeion: Requests torm and type of elewent stress output.a

Format and EtLzr,[(S0RfI PR!NY EXTREME REAL, ~ ALL)

NIDPRINT PHIASE/ Wo~Nri)

STRESS ALL

SVRLýSS(SýRr, RJN, PUNC$H, PHASE) - "I'

o4h ryke na nj q

51011171 Output will be presented as a tabular 1listing of 'elements for tach load,
frequency, 0elgevalue, or time, depending on the rigid format. SORTL is not
available In Transient prchltm (where the default is S0RT2).

SVPT2 ZMuput will be presented' as a tabular listing of 1oid, freouency, os, tiiw for
each elemtent type. ý0RT? Is *vai lable only in Static Analytist Tr Tislont and
Freqjency Response prtoblems,

PRINTThe pririter will be the ojutput m.e

PUNC"H The card punch slfl be the outpucý wed it.

EXTREME or Requests stresses to be cal culcted at. the extrew! (t"op zmcd bottwli fiers of
LAYER a plate elcmntn or, I1cr cmnposites, the stres'ses -fo teacht layer. (See 'ymmrk 8)

REAL or kequests real and Irneqinary output oni Complex o~e~~rerr F):t qutsncy Res~ponse
IMAG prnblems.

PHASE ReuuLests m-agwi fde and phase (30. O s phiise ( on Compi slt envi c
F rectluncy Response problerns.

AUL St rnSses fcIw"k all elcew~nts will be oujtput. C

ii Set identificaticni of a prcývious1,ý c tpp.ring 'A7 erel ( Lnteger Ci Oly
st res ses~ for e emeiwn ts. whose I dpnt if z lor on uvtt nrs appeae o tn th is S!"'I cardi w-1ll
be. output'.

NONE $:resses for noc ellemens Wi 11ti Output.

Hena~ ~ ~ ~ ~ ~k ik: I BoiPIN er\ 0 NHmy be, reques ted,

2. An: out p-,ut reounsi- for AI.L ¾ n Tretmci ent andl Fre quent> epne rnm 9nr
pro:duc~es i erjt ?Mlmou'tts of pr , tnlut . Art alt erret ,i we t ths rl e to di lie~jt a .7

cintcrest.,

r ti Ai )S'or f,, q% e rcy R e sp'o ýte rrtI 0 m v i ?1K )U q ýiia e o f %I SY k' tout
aeuses l au ott b e ý ORI2

T. kTR[S i s ana dt ey-n ate ýorirt n I' s, enirl t eouItýýI va t to ISTI- I

tN 1



SIRESS (Continued)

6. If element stresses In material coordinate system are desfred (on ly for TRW!A,
TRIAZ, QUADI and MAO'2 eleffits and ý,niy In Rigid Formt 1), the parvneter STRESS
(see thie description of the PARAM bulk data carJ in Section 2.4.2) should be set to
be a positivP integer, If, %i tddition to element stresses In materi•l coo"din&te
system, stressps at the connrcted grld points are also &nlred, th• primeteu STRESS
should :e set to 0.,

* 7. When LAYER In selected, individuril layer strtsses endjor aluit 1u1n i ces 01, bi:
output.

B. The optioni EXTRENE wr~d LAYER is only applicable for the QUAD4 •tl•n.

0

_4I

0

S

0e

$4|(¼2j

C



Input Data Card jQUAD4 Qu~drllateral FEoement Conrection

2N-shFiplon: DefineCs Q q4adrllaterial plate element (WADN) of the Q-r-rictural model. This is an
tsoobarantric ornernbrave-tendiny el mwýnt, with variable element thickness, layered
coenpo.iite materi~al and therw artalysis capabilities.

vomuvt and jExtmpie:

2 3 4 5 i 7 139 10c

QUA4 E EIt PID J 611 G2 fM M4 4 OJ7.L
, AS4 101 IL 17 1001 1005 ioa 1024 J45.0 0.0i AACF$ . TI TZ T3 T4 >

0.03 0.:25{ 0.05 0.04 7
Fi.elId Contents

CID £Elrexnt identificatiorn ~nnter (Integer, 0)0)

PID IentJifcetion; number of a PSHELL entry (Defisult Is LID (Integer 0)
For- co'miosite¶, se.e Remark 5.

G1 'Thld point identiflc~ation nurtber:, of connectlon jpoiut~ (Thteger >0)

ZO Offsei odf the element relerepnce plane fromr ule qf&.ie of grid points 'Real orC
,61ann, 5ee Reroerk 3 for 0tfau-t)

Mtýýr1&1 propcýrty orientation snecificatiur (Reul or blank; or 0 S Integer
,(1000,000), if %Lkal or bi~nk, souci iles the ýTateril property orientation

angle -in degrees. Ili' Integer, r.he orie rtetiw, of the material x-axis is
alon; thp projection ontc the plvane of tý:e ýOlempnt of' the X-axis of the

coodinte ystem Spetrified by tht lntticr vnl-je.

ii P1-ribrane ttnckrvss of elevibert at iri d po)ir-ts Gi (PeaI cr blank * se' Remark
4 4 o r d e"i t )l

kerr.rks~ I. Tor QLJAVA qSeofitry, cordi t yslltnlt and nv~raxring arte show,, In the figure bel ow:

04

2, Ferrr rt I dent if c.e t on nirthe rs mujs t be u n ique with renpcct to all. other eleme~nt
i lent Ji anuion uivt~ers,



SU4 (Continued)

3. The rater!la coordinate system (TM) and "he offset (ZO) Pay also be prov•dhd on the
PSHELL entry. The PSHELL data will be u:;ed if the corresponding field on the CQUAD4
entry Is blank.

4. The Ti are optional, If not supplied they w1ll be set to the value of T specified on
the PSHELL antry. In such cases, the continuation entry is not required.

S. For conposites, a PCOMP, PCOMPI, PCOMP2 card can be used instead of a PSHELL card.

:1:



BULK DATA DECK

Input Data Card MAT2 Miaterial Property Definition

Description: Defines the waterial properties for linear, temperature-independent, anisotropic
ma•te r-iaTs.

Format and Example:

1 2 3 4 5 6 7 8 9 10

IMAT2 MID G11 G12 G13 jG2 G23 jG33 RHO abc
AT?13 6._ .2+3 5.1 6.2+3 5.3 .56 C

j+abc Al A2 A12 TO GE ST SC SS ÷ f

+C 0100 1-0, 10.002_ 20.+ _____ ____1+E1

Field Contents

MWD Material identification number (Integer > 0)

G-j The material property matrix (Real)

RHO Mass density (Real)

Ai Thermal expansion coefficient vector (Real)

TO Thermal expansion reference temperature (Real)

GE Structural element daripng coefficient (Real)

ST, SC, SS Stress limits for tension, compression and shear (Real) (Used only to compute
margins of safety in certain elements; they hbve no effect on the ccaputationll
procedures)

MCSID Material coordinate system identification numbter (integer > 0 or blank)

Remarks: 1. The material identification numbers must be unique for all MATI, MAT2 and MAT3 cards.

2. MAT2 materials may be made teirperature dependent by use of the MATT2 card.

-. The mass density, RHO, will be used to automatically compute mass for all structural
elements except the two-dimensional bending only elements TRBSC, TRPLT and QOPLT.

4. The convention ?or the Gij in fieids 3 through B is represented by the matrix
relationship.

Gl g1 G 12 G 13 •1

G2 G GI€
2 12 G22 G23 2

0 12) GK3 G23 G33 ',1

5. MCSD (> 0) is required it %tresses or strains/curvwtur'es are to be computed in &
rmterial cooroinate systerm This is applicable only for TRIA1, TR]A?, QUADl, and
QUAN' elements.

2ý4-129 2 •_1'i78)
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Input Data Card MAT8 Orthotropic Plate Material Property Definition

Descr•p•.Jon: Defines the material property for an orthotropic material for plate elements.

Format and ExPmple:

1 2 3 4 5 6 7 8 9 10

T8 MI D j El idE2 WUf 2 16lo GnZ e2Z RHO abc

T8 299~ 32...6__4.2+5 j0.33 j2.9+6 j______ 0.42 1ABC j

* jbc JAl JA! J TREF J XT XC IYT I VC I S def

J4Cf 14.4.6 2.3-6~ 17:5. 1 ...1______jDEF[ ef GE F12
* ~~+EF 2z.5-4 ______

Field Contents

MID Material identification number (Integer * 0)

ElE2 Modulus of elasticity in thp material x and y directions (Real 0 0.0)

NU12 Poisson's Ratio (Real) (See Remark 5)

G12 Linear In-plane shear modulus (Real > 0.0)

GIZ Transverse shear modulus for shear in X-Z plune (Real)

* G2Z Transverse shear modulus for shear ir Y-Z plane (Re6)

0 •Mass density (Real)

AIA2 Thermal expansion coefficients in the material x and y directions
(T, Real > 0.0)

* TREF Thervol expensiu,, reference temperature (AC, Rel)

XT,XC Allowable stresses/strains in tension and compression, respectively, in the
material x direction. Required if failure Index calculation is desired.
(XT. Real > 0.0) (XC, Real) (Default value for XC is XT) (See Remrk 3)

YT,YC Allowable stresses/strains in tension and compression, respectively, in the
material y direction. Required if failure index calculotion is desired.

* (WT, Real > 0.0) (YC, Real) (Def/ault value for YC is YT) (See Remark 3)

S Allowable stress/strain for in-plane shear (Real > 0.0) (See .iemark 3)

GE Structural damping coefficient (Real)

SF12 Tsai-Wu interactlorn term (Real) (See Remek 4)

(Continued)

* 12_A



1A'ýT (Contlruee•)

Remark&: 2. Material coordinate systems 4re defined by the plate element connection entries on
the CQUAD4 care.

2. The stress-strain relationship dWifned by this data is:

.1 , -??Jia'E~E, 0 *(T-TREr) Al

I 
C2Z e 

113

3. Fields X1, XC, YT, YC and S are used cn'y for copc, .ite materials wben failur•
calculations are requested with PCOMP, PCOMPI or PCOGP2 Bulk Datc entrles.
Aliowables represent stresses except when the maximum st',,nn fa'Oure theory is used.,

4. The F12 field Is used only for composite materials when the Ts!i-Wu "allure theory
is used vid failure celculations arre requested.

S. NU12 is Po'sson'% Ratio (c1 /c 2 for uniaxal lotding in 1-dir"ctiorl. Note that
NU21 -E2//I ur~iaxial loading in 2-dirEction, is related to NU12, CI and E2 ty
the relationship, (NU12) (E2) (NU21) (El).

59i-



Input Data Cerd PCOMP Layered Coaesite Eltient Property

De~scEipion: Defines the properties of a n-ply 14minated composite material.

-Formt and LxaWj e:

1 2 3 4 5 6 7 8 9 10

SCC.P plO ZO N.V4~ SSONID FT ILOPT abc

COMP 100 -0.5 13S 5+ HOFF L .WE ABC__ ___

+cMID! TI Thi1 IOT T2 ____ IOT ___

+8C IS F0.0L5r 90. YEI

+f M5N ___ TH3 SOUT3 ETC..

Fielc. Contents

PID Property Identification number (iN0,0O0 Integer > 0)

NZ Offset of the element reference plano from the plane pf 1rid points (Real
or blank, see Rew, rk 2)

NSM Non-structUral mass per unit or-ea. (Real)

SBOND Allowable shr stress of the bonding mvtFrial. (keai .- 0.0 or blaniý)
Rcquired if feilurt theory is used,

S1FT Vailui-e theory, one of the stving, 'HILL', 'HOFf.'", 'TSA,', 'STRESS", or,
'STRAIN". Fee Ro"ark 4. (BCDJ or bltnk)

LOPT Laminat!on g(.ie-,tion option, cne of the strings, "ALL", "SY4% ",Mi-¶M". or"SM.4M'. Sep Remark S. (BCD or blark) Oefaul Is all.

M~iD Mat.erial Identificatlor ntner of the ith ayer. (Integer , 0 or blank)
• Ti !hickrTess of the Ith , (Real, 0.0 or byek)

Tiii Angle betwteh, the longitidifi•l direc:tfon of tht fibers of tY- Ith ltyer
iand the material X-ea 1. (Reai or bVnk)

S LVIJ Stres'. output requeT for Ith later, one of tte strvrnq "YWS" or "1i0"
(P efai,,llt is 'NO")

Rer.a.•rK: I. The p!les are nuimbrered from 1 tui r beginning with the bottom ' la~e,

2, The olfset (M0) Is u%,ed onl y .hen t)e correrpondonq (!e)d on tht CXL•AV,'.4 Bulk fJata
"entr,. r ferc this propert.) are blank..

(L2o4-ot I. (

0, •7:



PCt._P (Continued)

3. SBOOD is required if ýonding material failure index k•loulgtion fAre desirtd.

4. Tht failure theory '11 used to determine the elemnt failure on 4 ply.-bY-Ply

basis. The 4vailable theories &re:

HILL - Hill Theory
O - Ihoffmn Theory

TSAI - Tsai-Wu Theory
SVRESS - For NaxtmJm Stress Theory
STRAIN - For Maxlminu Strain Theory

5. To mrnimize input mquiments severbl lamination options (ýz,,JPT) are availobleo. All

indicates that every ply is specifimd. SYM indicates that ply lnyup in ylyrtric

*bout the center ply and that tOe plies on one side of the tenter line &re

specif._e SYMMEM indicates a symaetric layup ef •ombrane only plies.

6. The mterial properties, KIDiN may reference only MATI, MATZ and 14AT8 Bulk Data

entr,4es.

a an) of tho ,Di, Ti or 41 i Are blank, then the last: nonblan' values spec1fied

fýr b•c4 Wvil be used to define the values lor the ply



Input Data Card PCOMP1 Layered Composite Element Property

Description: Defines the properties of a n-ply laminated composite material where all plies
are composed of the same material and are of equal thickness.

Format and Example:

1 2 3 4 5 6 7 8 9 10

PCOMPi PID ZO NSM SBOND FTI MID TPLY LOPT abc

PCOMP1 100 -0.5 1.7 5.+3 STRAIN 200 0.25 SYM ABC

_bc TH1 TH2 TH3 TH4 THS ETC.....

+, jC -45.0 45.0 90.0 90.0 45.0 .

Field Contents

PID Pro;erty identification number (1,000,000 > Integer ' 0)

ZO Offset of the element reference plane from the plane of grid points (Real
or blank, see Remark 2)

NSM Non-structural mass per unit area. (Real)

SBOND Allowable shear stress of the bonding material. (Real > 0.0)

FT Failure theory, one of the strings "HILL", "HOFF", 'TSAI', 'STRESS*, or
"STRAIN". See Remark 4.

MID Material identification number for all layers. (Integer > 0)

LOPT Lamination generation option, one of the strings, 'ALL", "SYM", "MEM', or
"SYMMEM". See Rerark 5.

TPLY Thickness of all layers (Real, > 0.0 or blank)

THi Angle between the longitudinal direction of the fibers of the ith layer
and the material X-axis. (Real or blank)

Remarks: 1. The plies are numbered from 1 to n beginning with the bottom layer.

2. The offset (ZO) is used only when the corresponding field on the CQUAD4 Bulk Data
entry referencing this property is blank.

3. SBOND is required if bonding material failure index calculations are desired.

4. The failure theory is used to determine the element failure on a ply-by-ply
basis. The available theories are:

HILL - Hill Theory
HOFF - Hoffbon Theory
TSAI - Tsai-Wu Theory
STRESS - For Maximum Stress Theory
STRAIN - For Maximum Strain Theory

(Continued)

2.4-223c (8/10/87)



PCNOPI (Continued)

S. To miniinize input requ1rements several lamination options (LOPT) a&.e available. All
indicates that every ply Is specified, SYN indicates that ply layup Is sy)vmetric
about the center ply and that the plies on one side of the center line are
specified. SYW4EM Indicates a symwtrlc 1ayup of m.mbrane only plies.

6. The material property, MID, my reference only HATI, KATZ end MWT8 Bulk Data
entries.

I ] ,



Input Data Card PCOMP2 Layered Composite Element Property

Description: Defines the properties of a n-ply laminated composite material where all plies
are composed of the same material.

4ormat and Example:

1 2 3 4 5 6 7 8 9 10

COMP2 PID ZO NSM SBOND FT KID LOPT abc

PCOMP2 100 -0.5 1.7 .5.+3 TSAI 200 SYM ABC

+bc TI THI T2 TH2 T3 TH3 ETC..

+BC 0.25 -45.0 0.5 90.0 0.25 45.Ubf....

Field Contents

PID Property identification number (1,000,000 > Integer > 0)

ZO Offset of the element reference plane from the plane of grid points (Keal
or blank, see Remark 2)

NSM Non-structural mass per unit area. (Real)

1BOND Allowable shear stress of the bonding material. (Real > 0.0)

+'T Failure theory, one of the strings "HILL", "HOFF", "TSAI", "STRESS', or
"STRAIN". See Remark 4.

MID Material identification number for all layers. (Integer > 0 or blank)

LOPT Lamination generation option, one of the strings, 'ALL", "SYM", "MEM', or
"SYMMIEM". See Remark 5.

Ti Thickness of the ith layer (Real, > U.0 or blank)

THi Angle between the longitudinal direction of the fibers of the ith layer
and the material X-axis. (Real or blank)

Remarks: 1. The plies are numbered from I to n beginning with the bottom layer.

2. The offset (ZO) is used only when the corresponding field on the CQUAD4 Bulk Data
entry referencing this property is blank.

3. SBOND is required if bonding material failure index calculations are desired.

4. The failure theory is used to determine the element failure on a ply-by-ply
basis. The available theories are:

HILL - Hill Theory
HOFF - Hoffman Theory
TSAI - Tsai-Wu Theory
STRESS - For Maximum Stress Theory
STRAIN - For Maximum Strain Theory

(Continued)

2.4-223e (8/10/87)
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PCOMP2 (Continued)

5. To minimize Input requirements several lamination options (LOPT) are available. All
indicates that every ply Is specified, SYM indicates that ply layup is SYMetrlc
*boit the center ply anI that the plies on one side of the center line are
ipecified. SYI*EM indicates a sy•mgetric layup of membrane only plies.

6. The material property, WIM3, may reference only MATI, PAT2 arnd MATB Bulk Data
entril4.

7. If any of the Ti or THi are blmnk, then the last non-blank values specified for each 6
will be .se6 to define the values for the ply.

Z

I

6

I

II



Input Data Card PLOAD4 Fressure Loads on FAce of Structural tleritt

escription: Defines load on a face ef a QUAJD4 eletiet.

Format and E~p tle:

1 2 3 4 5 7 8 9 10

~L0D4 ID 73 P2 I P3 P b

PLUM 1 1 U ?03 1. 18, 23.____
52~ _ __

- -c mi hI I2 m_

wtOtLU4 SID El P3 P4 OTHRUN E2 I ghi

4LOAJ 105.j - - 1RU 568 ______

- r

Aumt~nt I o 7- lii

! ).! . ....5

Fie Id Contents

.STC Load set Identification number (Integer 0.)

EIDEI,EZ Eeiment iden'.ifichtior, number (integer > 0, El < tz)

Pi Pressure at the grid point defining the eleftrnt face (I):al or blank)

CID Co•ordinate system identifi~ation iumber (Integer > 0)

Ni Components of a vector, 'n system CID that defines the directiow of the
krssure (Real;

-Remjrns: 1. For the plate element QUAD4, if the continuatior entry 1b not given, the direct'cn
Sof the pressure is rormal to thz element in the element 7 direction. If only P! is

* given, the pressure is assumed to be unifor, over the tiery.nt surfact.

.If the loaded surface of an e'e•ent is curvel, and 6 direction vector 1i not
specifipd, the direction ojf ?ne preýý,ure flu vary over the turface. lhi pressure
ittensity Is the load per uit surfj.'.e zte.

3ý Equivalent gri c,; p int lu~ds Pre ý'om~p~ted. A W)IfOYL rks. fr o!o .. .. rts, I. equa. t rId poinu loads.

,A 923 (9,'o 7)



Ulk Data Entry PSHELL Shell EVem#nt Property

iescr 2tion: Defines the metbrane, bending, transverse shear, and coupling propert-,es of
'the #4%AD4Aell eleomnt.

ForvAt Qnd Uxam e:

1 3 4 5 6 7 9 10I PSHELL. PID M1IDI T MD ~I2 121/T3] M103 TS/T NSH abc

PS~L 203 1 2(9 .1.490 q205 j1. 2 206 0.8 6.37 ABCJ

8C+.95 -. 95 0 ~O
bc m2---J 12 • I1D4 CSID SCSWD 20

Field contents

Pic) •Property identifcituOq nui;Ner (.Iraeger , 0)

MQJ Material identification nunber for mebraine (Integ'r 0 or blan)

SDefault value for wembrane thickness (Real > 0.0)

AID2 Katerlal identificition number for bending (Urteý,er C 0 or blank)

1 ITP beni 4 ng stil'fness parameter (Real or blank, default 1 1.P)

MID3 Material Identification number for transverse shear (Inteyer 1 , o0 bwan)r,
must be blank unless MID2 > 0)

TS/T Transverse shear thickness divided by membrovir ttlckiess (Real or biank,
default v- .833333)

NSM Non-tructural mwss per unit area (ka.,

71,22 Fiber distances for stress cw#putitlon, 'The ... itive dirertlct , is ft,,rmnined
by the riqhthane rule aid the ns-der in wihcl the grid poircts ;,re listed on the
connection entry, (Real or til~nko devf.ýul . aire -'I/2 for Z2 ind 7T/2 ick- ZN).

M ,04 Mserial Identification nlmunchr for vembrine.-bendInr coupling (Integer > 0 or
lo~tnk, must be blark unless Mi01 r U and MIN2 > ,, xwny not e Ml N)D or NI02)

MCSIW Identificaticn nuimfw,;ý, (f We t'-ial cuordlnate systeim (Real or blank, or
(Integer &, 0' (Sk-c FemwK !I.,

SCSID i.wenti'icatlo' number ci stress coordirte j.stem (Real or blank. or
(Integer a Ci) jbee tewcr, 0i)

20 Offset cl the tlewýnt ve#ference pl ane `r)- the p ane of Jrid ,.oints;. (Reel 1
t• ftail., defzo'! .. .k0O) ( •. e we; rk 2..,"



PSHELL (Continued)

Larks: 1. All PSHELL property entries must have unique identification ntttrs,

2. The structural mass is coipputed from tft. density using the mw;rane thickresi. and
arkrane material properties.

4 3. Tht results of leaving any MID fielt blonk art:

MID) No wetbrane ora coupling stiffness
HID2 No bending, coupling, or transverse Lhear siffrnst,
HID3 No transverse shear flexibilitt
"MX04 No memtrine-bendlng FKTTMij'_

4,, The cootinuation entry is not required.

5. Strvctural damping, whee n-eded, Is obtained from the MIDI bemtia,

t. The 1ID4 field Oloulo be left blank If tVht material properties are syvmttric !•ith
the middle surface of the shelT.

i For skrlmsural problems, PSHELL entries m,3 ra erence MAf, MAT2 or tT8 material
**ro'et data.

8. If the transverse shear materlal, MID3, references MAT2 late, then &33 must bW zero.
If •ID3 references KAT8 date, then GI,Z and G2,Z must rot be zero.

9. For Nt.t transfer problems PSHELL entries may reference MAT4 or MATS material
property date.

*• 1U. If MCSID/SCSID is left blank (0.0) or Is real, it is consideced to be the angle of
rotation of the X axis of the niterih0/stress coordinate system with respect to the
X axis of the elenent coordinate system in the XY plane of the latter. If Integer,
the orientation of Vth material/stre:.s x-axis is along the proje~ction of the x-axis
of the specified coordinate systerm ont.u tVe x-y plane of the elerent system. The
value of MCSID is the defauIt value for the TM field on the CQJ.JD4 Bulk Data
entries.

S11. The value of 70 is the de'ault value for the corresponding field on the CQUAD4 Bulk

Data entries.

6
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APPENDIX D): NASTRAN INPUT DATA FOR SAMPLE
PROBLEMS 1-6, 8, 9, 11, 13c, 14

I

14



-40

C V
* U .'I

- k

4o a w1

__• 111', "111.

e v) %0

4r . w



.N . .

inn

Ow

I.

29



o M

* Li

0

0- •f a N inW% a 4

4m 01 lul 1w hiý8 - j 1 '

I j



num�RwuitrmE .. ,.

C."

LI

C)

0
'V

* 4t eta

a

4 .- 't,4flW

U
�j �-

lit I t

¶ g;



i14

Ct a,

|I

6,, 1 "

Jf-

AeI



LN

C)

0h#At

0v

AW S. A"'Mobw



UIAS~~~~&W~~~jin*.~~ A"wnn r & i 3 i~~~t~..-...

00

iv

-X Z

flfu



m � -

C

Q

I

�. a,.

�
a,

a-

4
-' .-

-v



F ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -S W ti c i i ut aa n a .i n A~t o nh. . .

CC k

ktI

.4u



ftJ

U

.J .i * * . . .. . .. .. .. .. .. .. .......... . ..

bbti

ob

NW

- I- p-u--* .

41u 1*J i z C

as S

100

00 of

144



Wi

~N

000@

'r- If vm 6-v,-lg1 *

qr lu Al or oU r

hi~0000 0 ~ his~ *~



-tw

gig

14



0- -ot -

toU

49 in ka
hi

amew

Ir
4A

~i C ~i h
% AJ ee '

C, W

g a 147



LA

0

U U

0 0 w

£ 9:

a a

IV be .W .. .. .. .. .. .. .... . . .. . ... ... .............. . .

• ... ,.............. .. ......... ... . .. . .. .
uj w-J "W " "' ' ' '" " ' ' I '" " ' "

£ D

•g~ ~ ~~~I fa=a•a~a¢a~~'' 6ý--,,.,,,.,..,,!gi

WItf 0 -0 b-O C V 0OAI
ARM - .rY fu o- cu* -

it

148



LICL

0v



400

-4

40 90-1 mf V~ r

Oeklml mob-

~"'oI0 . -.- AAAA

A 6- ke cu~;

U- Is ; 0 -ft"

La

U ~ ~ c) . , - - - - - - -. ~I. - - - -.

lo b r m f



fen

liI.

-o

,,..-V

wtt 2 E

a . . 1 ,

qr~i • a - E a r .,

as ~~~ ~ aa EIIuIUhIHRI

*'(twu""B IIIIIIISllElPI*llUBIll ~ -lll llll I- ll

ftI O Olliii I~ml ~ lt t t l l

a -

_I V _to • A.... 4A- a t i V lII

U Uv



afMax

A

•91

0-

ac

I.- i t cis it

-00-

Iage V,



C-

21 AA

cc0

IO
W.

I2
fi

0-4

flu

th a-X

I'I

'pM



o .bC
aD

aso

g z aI# Z

.... .. .. ... .. .. ... .... ...

" IJ"Ila 15

"Mgt ... ... ...... ttt .t ... . .

• • • • •a • •H • Im+ll llao

0 0

~~ r, E~'t~#PI r1 l Vm m * e

$R *; AxmSmwppw - - XmM;AI .

o 0

00

154



.... R..- I .T •

liiiS



wl

IPP

C6n

fl -or C

06 w- At. tnt 8 LNCXA

9--J

-,p "k 0 4

Ilka. re~m .



I L

4a

0 s

... . . . o .,,,,I, ,
.qY- titttt tt!tttth ttt

T O

,* w*. w-., . ... - ,1p =

t o 610 -

OR P Or .1; .... . . . -*- - - - - "ftf uflwfuf 4flJ~f9 W* 447,;

u as

mvw

fl)~'VW~fl~J& InW .

II
00 0 0*L

- 157



MOM

Its lR

L4 AU w-o '

'0b



1r2

aj



I.; j
. . . . . . . . . . .. . .

uRMUZCOA I . -2em uIMrm 2M ,tVUTa9 &cmpif~di

flu IS H Haw
Uw fu U L

In sm .

Z~c emu rVU ttUW M' ZA %A XKU v* wbI bI IIAU m~

-1 :1 0,01 c ~

4AI

L16



4~~~~~~~~~~~ ------------'.,.---.~...--,-'.--

I

40

W i to,

S" "'4

'i

h4 - , • 44- '.'.4 -• '• .' -, -• -,"+• *"4. -,• • < D' ,'4 44'4 ,r 44 ,-',,. 4 ,4 . .. ... - .,- . , .. .,4 ,. •. ..' . , ,4,,4 . ..

9V 4

0;.W 4411 V ' V% 09 A

it4 sm tA -1I tL

MC4' -4-



p..j

-Hfi

VW 66LIAw

u~IiiI162



CX)

x .1

U)

W IP 4
*m t

m lm iv

w orIil
C .

CE E v VH
Ct~~~ la.. (96x~

G -c ..J 9ý C -T
tp st -- L- I I

sl , I a @- , 
-Y# t-1 9 t. tA bd

La )zCL C.) CLL op If) S

t~~nao A n

tm 06 1e I L W ~ -rar' 9A 0. an wo, :5 -

--a m a).6 t- 40 044,-MMW

Ly C,

it ZA



4

Q!f4

LM-I

4U
W

ci1 !lo ý4 k! 4 It!

vii

44
f 6I l q-.

CU

_' * l 0 Cwcl <300chf

*ý I rw 4-wt.0 e -I 1 -

cv,

W qpeu~A *

I.u



Lfu

IN 'a +0

4)1

.4 r4

VA)

1 kO

qin

*- il. IIlt

5w00 "i a Me

T-A

)- *-4 . f

S~ ';"3 ~
w~i r 4,'

LT k '
W~i Lu"M % IkON4

~ & 440 ~4P
IF,444 

''' wr-u~



C-)L

W+

to

06~C I ) .

CU LA) a
CU 4U"

CD 4D0 D pa
-W v .)R M F ýý ýL - -ruin

M *%-Cl -- 4p .- p.rue-u- j

CIO Ia

i 0 4A4

4 U WWW

v -T W v W
Cý~~ IM A= C.' k I C

a~ a0 a a~ln m m~rI- Cb 0I m a.. 0 WaaO
...- v Y ~ -- 9909 +j u c0 1 alm

4 I 4

kn C4

1J CJ u

*~I~lqI~inf-C, ) 409Jq1

0 0D

4166



LQ

LA$

LAJ

j

ru ft ru

0 09 00 z j f x

q"r a 1 42 D E -, A
cz tLm Ln 6. =w 4D CP IAJ

(on

bt

16613 "1

in $.-1.0 -W-M 11I- U
a j 19 reW% &ý Lij LLI Lfj Uj Lj0 LA i

SL-7w h r- '. , . T54n I w w LA I I'G 7 ZG 7I Iqel- I r) w
00 Q

u ru tu

mi cu ni L& 9- vto leg.-LU S.- 2 XC'3
1- 41 0 z w x
Ic C, Ole 191:1 coo- I

s I- CA I F 4A
c LAJ w r- I

pw 'm _j Qj 
w

or 1 L,.-

V)

x Z- LL ýj
ýn -9 0 ow %a W r) m

4* cc Do LAj
tz ON m Ix 010% w C-)

;S;n CD a I

:j 4 4_ýCufu 00 4w

Lfij 'In v 46so 0
i2 V
C.) nm

W-3 mm
Lai = Ck!

w CY Am 40 0 tA 0 Go 40 at* 40 as (a (A 40 a a a a a a a a a a a a 0 0 0 0
A " le 

40
4* w
oe _j

w

a LLI m V Ln W r. m 0 fucnvLnwr-
- - - - - - - - - - f-V v

z IL

Z

I-Q 
tj

167



CL)

00 s

-CI

IL

IQ +

+ I- - -

I.

I C.L 0 ,0
qecu

41 4 ! 0

4M 4.

*~ix I . 0N

j %A

.-,. w- W
fu~ ~ ~ Mw - t. IC aQ b ;&WLI

cu-c -jc 1i.ce.§t -
cu I

* JJ.- * o *g. * ** q u

W 
.

r" - 00 - I

- If

'.r 1w IV. wi wo 6* tn 144w~w W

C) nja 0
w tE I

000-



+ )
+

C))

0- -0 0.)co.

+4-

+ -
.

.<ý

CD)

+

t~~~j C),

L+ 0' c.-i d .r-)--.. - 4-4-4,- -(----4-4-fl-j

LI)I

C.).

C)o



C..>

C)

+ '

C) CI C, C, Cý Ca C> -.
C;* C;C C ;( C~ar

C) CD C:) C. C) CD (N

C)

La)

C)C)D CýC)c,( - DC Dc> (,)(ý DLýC ý z :)(: Z = c-- (:: C> (=) CC) 4:)

Oj CT C)j C) C)j C)j ra, (N-DCD-aC,

o C)Ca C C)cD C) CD )C aC )C )C )C )C )C C) C) CD (2) C) c) C) C) CD CD C C) CD C) CC) C) c> ) c ) C C) af
U)ý al cX ' I

C)

C) ) C LI () C C)C)CI) C) ,) Z) (, .

C)C~aI) . CC)CC *CCCC, DCCCC CC)C. c, Cl .'C)(2:ýC" 'Ia""orf O)LL .i c -.C~ -f -. - . - -. (. . *C.J11 ) C_)

C-')IZ (., C j I -1: Qý. X f Ll C ):. LT l C.Cl- k " cx ý ý L- f. ci :.rki - Cf . , (
L_!, Q2') .D q CO -1 D l C) Q) C3ýD D (0 _ ýlLý - CAL/)I L) t

('1 111 af IL4rC7-'



APPENDIX E: NASTRAN INPUT AND OUTPUT FOR{ SAMPLE
PROBLEMS 7, 10, 12, 13a, 13b, 13d, 14, and 9 and 12 with TRIA3
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PROBLEM #9
REGULAR LYMMETRIC CROSS-PLY LAIINAIE

417

* 7 BS

P-3 4 r

*

FIGURE 9
- A quN."i'ter model of a composite square plate modeled as symmetric cross-ply

6lam iAte is ';hown in Fig. 9. The length of each side is 1.0. and the thick- 1nes, of egch ply is X00O666. The mgterilal properties are given as E1 2 uxioE ' •x . 25 and G,,L 2.5x10 and are the same for each ply. The fullpiazr is 4 simpl§ supported rd is subjected to a uniform pressure load of
-i. jxIO .The finite element model contains 25 nodes and 16 elements. The

41 thteoretica solution for the Z deflection at Grid 25 (center of the plate) is-1.8316X10- Thporetical results arp also given for the stresses in layers Iand 3 in element 17 io Table 4.

A.E06

TAB!,.E 4

0



U M ++
saw +

+

0 +

o +

Z ++ N 4 N f w0 W0u n C!. ýC :c ýC ýC ý C

J U +

-. ,II *~ i~~4 @4~N.4N00000000000000

OW U0  00000 000z>

.. '. .. e ' r - E p f ' +@ 4 . . . . ..- . .C j

0 +

+

0 w~ .- 4*0 4 4

-Wm -Pa w -w lw w~ 'e w

OIU U L) L U L UL U U U) U U U. U) u U, 00 t U 0 00( 0 0

I-'~~~ " Iý rl IN C ' I I4 (N ' 4 4 04 C\

C~~~~ppiaQ~~~~~~~ Ld4 4 4 ~ 44,(4(4r4~ N444 J'4.4



u Q0~ +*

LLI-
00

0 vi

2 ~~~0000 000 0 001 i1ýC ýC

LI Lj00 C0I0 0
0000000000
L,' 0 Ln U, u' U) in 0) M~

42 0
LU I

~00000000000 0
LIi z 000 00 ,-1ýC ýC

I l l *4ý 0C . -4 %0 JN,

%0

4j w*, 0 0if) f'V'

uj~~ >-(NC 
4

00
LAO

'uCL '~



X 0 e) 00 0 0 00 0 0 M in 00m00000enini - r

V) 00 0100 C00 0000- -4C - )L
Iiil CD c, w ~ C In .4W D I

-L u o "D 0 U*ý ~0 -. A-r 00

uj ~ ~ ~ ~ ~~ - t0 0 N 04Ný, 4C I -4 -6 0 -V f- M 4 -0 C 0

1 ~ 0000 0000 0 0 0 0 0 000

( .a: I I I I I I III I I

111.110) i 000 00 o 0 0 0 0 0 000 000

00 0 0 N 0 N )00C )00000C )C

00000000000000000 0000

~~% m r, " 0 0n C 0 w 0 %0 0 -0 m 0

t~~~~m uO~~~ r0 ' ~1 i - f) wo m r- -) %f. t, 0 0W1

ui W O" .-') C14 m .- IN - - 0- 0(- 0 "N W n

7. - 0 0C N r 0W C

Uv U



W +d

da +

.* 0

+

LU

~ !~ 0 0 0 0 0 0 C ) 0 0 00 0 0

LI. CI) 0 0 , w ~ . ~ c t

+4 -j AN C. 0

mmmal ey C'- .

> u L,(d L) GU UU 0 U L)0 0 0

C) C



00

000> 0000 00 00 0000 0 00 C)

0 EhI 04 N C'. r'. 00 0. 00 N ".-4 N-4

ZOO) Q 0 0 00C
w ~ ~ 0 0 0 0) 0 C) 0 0 0 C) 0 0 30 r; 0,7 0 C) 0 U3

in n c 4,ýI t) i tn6)Lf)ýnC) 0 0_0C 0 .0

VC~"~. -V 00I VI w- WWI

A ;a W DO S3!I w I k

0w 4 i I~ l 'D r- OD rj C) - N '4w'
C- f )0 0L i J )0 D e

W'-' O"L,,-4,44 amw' 4I ) QC
U~ C)00ul0 L

0f)
%mp C mW-i, ým ilu I N :1 p% - t



rnw Nn r

09 h "ANIqNr 4Cý% )t Y-

< u

WN)W N0 0f 0 &f0 '& I i
june ~ ~ ~ Cýn CýC ,-v.r444U v~-.47NNC N C .J

z g v4f 0 U) 3a NN NO C I)U A)Uu .
Kmo Vi)g P-r . .a . aA a, "4 ri 0-I aN Qr Nit a,- LN UfW v ii V) N.N wO

CCy-

frv4- *~*ivIiI.4- - .' i-v4-v4-vi I N



0 0000 4000000 Ot.000 0000 C

'VZS4 N)r 0 A o f' 't'.s'g

4or 0 C' V\0 0"

Ci.'-~~~~ 0 t0( c 'C CtCC

Vý li IA I An M0 V)MV 1 0 II

low~i u OI 5Y1 w ' t "000rs x ,"l211f4,"W r ' rrroe M OfN I) C MtNi$ ; f, (1 nC
I wOSN fl CM1' ON 0 m P l n-0-0 rA NIV o-"" ý 000 NO 4 W C N m' M1 .C W %n 0 V4' t' 0o (f C

MS 00 0r- kC -J4 41 % r tl ,1r

zLU I tr 11I

sw 0' *6i 0100 M 10 0W 1 A W0IW110 1,

fyvI* m 0 gr, C - A- q'iee"0 1ts'4 b l ý

LU C;I 7 0I f ~ 1 7 gon~ w' 77ww-VM ,41
[LVIW Vr K ,tvýW

QL wV 0d fwW)v

1 ti

r 0 000000 0 ClK 0 0 0 00C3 0 CI Z-) 0 00 0

000



PROBLEM #12 COMPOSITE SHELL ROOF

FIGURE 12

A finite element model of a composite shell roof modeled with the symmetric

lay-up [45, -45, 15, -15, -15, 15, -45, 45] is shown in Fig. 12. The length

and radius of the shell are 25, and the thickngss of each jayer is .03125.

The materigl properties are given as E,-2.OxO , E -O.5x10, v 12 OD.25,

G :2.Sx1O , and G= G•=2.5xlO . The shell is sugjected to a uniform

p;ssure of 90.0 .Ies b;ts from MSC/NASTRAN are given in Table 8 for the

radial deflection at selected nodes.

GRID _T

34 -1 .0662
35 -1.3441
36 -1.6074
43 -1.3267
44 -1.6739
45 -2.0079

TABLE 8
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*0 COMPOSITE RECTANGUYJLR PLATE -, NSYMMZTR:C CROSS'-PLY LAMINATE

1 6 9 12 15

S2 5 11 14

10 13

UNSYMMETRIC FIGURE Al
CROSS-PLY LAMINATE

One half of a composite rectangular plate modeled with tle unoyametric cross-

ply layup (0, 900) is shown in Fig. Al, The plate is mcuý'led with 15 nodes

and 8 elemennts. The length of the plate is 5", the width is 1", and the

thickness of eoch layer is .005". The material properties aatcrix on the

MAT2 card is giv-n as G,1 - 1.94x107, G12 - 4,66x10 5 , G27 - i.33x10 5 and

533 8.3y10 5  'rhe thernal expansion coefficJent vector is defined by

A .... Ix- 6 A2 = 5xiO-6 and A., - 0. A temperatuite fleli was define(

for the plate by an average temperature of 2300 over the cross--sec'tio:- tf

nzach element on the TEMPPI card. The iaput data, the cfnl!cuiated thermal

.LUddiV5, ,nd the displacements due to the \htflmal !oacii :,_ are also provided.
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